
1 
 

 
 

Engineering Tools 
 
 
Author: Energy research Centre of the Netherlands (ECN) 

 

PolySMART 
 
POLYgeneration with advanced Small and Medium scale thermally 
driven Air-conditioning and Refrigeration Technology 
http://www.polysmart.org 
 
Integrated Project partly funded by the European Union
Call: FP6-2004-TREN-3 
Contract/Proposal No. 019988  
 



2 
 

PolySMART® is a project partly funded by the European Union where 32 partners 
collaborate in order to develop a set of technical solutions for a new market segment for poly-
generation, in particular the market for small tri-generation systems. 
 
The main objectives of operation of this combined system called “Combined heating, cooling 
and power (CHCP)” are the following: 
 

• To reduce the consumption of conventional energy for cooling by use of waste heat 
from a co-generation system in combination with a thermally driven cooling process. 

• Thereby to improve the economic viability of the entire system by an increase of the 
annual operation time of the CHP unit.  

 
CHCP technology already exists on a large scale, mainly for industrial applications and some 
district cooling applications. The goal within PolySMART is to develop further application 
areas using small-scale CHCP systems in the commercial, tertiary and residential sectors. 
 
This report was produced as Deliverable D5.5 of Work Package 5. 
 
 
 
 
Project partners 
AO SOL - Energias Renováveis, Portugal 
Avesco AG, Switzerland 
Bavarian Center for Applied Energy 
Research, Germany 
Behältertechnik Pink Ges.m.b.H., Austria 
Besel S.A., Spain 
ClimateWell AB, Sweden 
Energy research Centre of the 
Netherlands, Netherlands 
EuroSolar - Energias Alternativas,Portugal 
FA. TEC Thermic Energy-systems & 
Consulting GmbH, Austria 
Fraunhofer ISE, Germany 
Fredrik Setterwall, Konsult AB, Sweden 
Högskolan Dalarna, Sweden 
IKERLAN Technological Research Centre, 
Spain 
Instituto Nacional de Engenharia, 
Tecnologia e Inovacao, Portugal 
Joanneum Research, Austria 
 
 
 
 
 
 
 
Coordinator 
Fraunhofer Institute for Solar Energy 
Systems ISE, Germany 
 
Dr. Hans-Martin Henning 
 
 

Kungliga Tekniska Högskolan, Sweden 
M.Conde Engineering, Switzerland 
National Energy Conservation Agency, 
Poland 
Politecnico di Milano, Italy 
PSE AG, Germany 
ROBUR, Italy 
Rotartica / Fagor, Spain 
Schneid GmbH, Austria 
S.O.L.I.D., Austria 
Sonnenklima, Germany 
Sortech Aktiengesellschaft, Germany 
Swiss Federal Laboratories for Materials 
Testing and Research, Switzerland 
Technische Universität Berlin, Germany 
Technische Werke Ludwigshafen, 
Germany 
TEDOM-VKS s.r.o., Czech Republic 
University of Malta, Malta 
Weingut Peitler, Austria



3 
 

Index 
 
 
FINAL REPORT WP 5 GENERAL PART 
 

SUMMARY............................................................................................................................. 12 

NOMENCLATURE ............................................................................................................... 13 

1  INTRODUCTION........................................................................................................... 14 
1.1  WORK PACKAGE 5 “ENGINEERING TOOLS”........................................................................................... 14 
1.2  EVALUATION OF ENGINEERING TOOLS.................................................................................................. 15 
1.3  COMPONENT AND SYSTEM MODELS...................................................................................................... 16 

2  REVIEW OF AVAILABLE TOOLS............................................................................ 17 
2.1  OVERVIEW OF AVAILABLE TOOLS......................................................................................................... 17 
2.2  COMPARING THE OPTIONS .................................................................................................................... 19 
2.3  CHOICE AND IMPLICATIONS ................................................................................................................. 21 

3  COMPONENT MODELS.............................................................................................. 22 
3.1  OVERVIEW OF AVAILABLE COMPONENT MODELS ................................................................................. 22 
3.2  TDC (SERC)........................................................................................................................................ 22 
3.3  CHP (EMPA)....................................................................................................................................... 22 
3.4  CHP (EMPA)....................................................................................................................................... 23 
3.5  TDC (FRAUNHOFER ISE) ..................................................................................................................... 23 
3.6  HEAT REJECTION UNIT (FRAUNHOFER ISE) .......................................................................................... 23 
3.7  CHP (JOANNEUM) ................................................................................................................................ 23 
3.8  CHP (POLIMI) ...................................................................................................................................... 23 
3.9  TDC (POLIMI) ...................................................................................................................................... 23 
3.10  DEC AIR HANDLING UNIT (POLIMI) ...................................................................................................... 24 
3.11  TDC (TU BERLIN) ............................................................................................................................... 24 
3.12  TDC (IKERLAN) ................................................................................................................................... 24 

4  SUMMARY OF SYSTEM PERFORMANCE EVALUATION WORK .................. 25 
4.1  SYSTEM PERFORMANCE EVALUATION OF SOFC BASE CHCP SYSTEMS................................................ 25 

Approach ...................................................................................................................................................... 25 
Results .......................................................................................................................................................... 26 
Conclusion.................................................................................................................................................... 28 

4.2  SYSTEM PERFORMANCE EVALUATION OF A DISTRICT HEATING  DRIVEN  COOLING PLANT  IN A 
DECENTRALIZED CHCP NETWORK  WITH DIFFERENT CONTROL STRATEGIES ..................................................... 29 

Approach ...................................................................................................................................................... 29 
Results .......................................................................................................................................................... 30 
Conclusion.................................................................................................................................................... 33 

4.3  SYSTEM PERFORMANCE EVALUATION OF DIFFERENT CONTROL STRATEGIES TO MANAGE COLD STORAGE 
TANK 34 

Approach ...................................................................................................................................................... 34 
Results .......................................................................................................................................................... 36 
Conclusions .................................................................................................................................................. 37 

4.4  SYSTEM PERFORMANCE EVALUATION OF DISTRIBUTED TDC WITH CENTRALISED CHP ....................... 38 
Background .................................................................................................................................................. 38 
Approach ...................................................................................................................................................... 38 
Results .......................................................................................................................................................... 39 
Conclusion.................................................................................................................................................... 41 

5  CONCLUSIONS ............................................................................................................. 42 

REFERENCES....................................................................................................................... 43 



4 
 

SYSTEM PERFORMANCE EVALUATION OF SOFC BASED CHCP SYSTEMS 

 

1  SUMMARY ..................................................................................................................... 49 

2  INTRODUCTION........................................................................................................... 51 
2.1  MOTIVATION ........................................................................................................................................ 51 
2.2  PURPOSE AND OBJECTIVES OF THIS REPORT.......................................................................................... 51 
2.3  SCOPE................................................................................................................................................... 51 
2.4  TARGET AUDIENCES ............................................................................................................................. 52 
2.5  INTRODUCTION TO THE CONTENT OF THE REPORT ................................................................................ 52 

3  NOMENCLATURE AND SYMBOLS ......................................................................... 53 

4  PERFORMANCE EVALUATION PROCEDURE..................................................... 54 
4.1  TYPES OF PERFORMANCE ASSESSMENTS............................................................................................... 54 
4.2  PERFORMANCE ASSESSMENT PROCEDURE ............................................................................................ 54 
4.3  MODELLING APPROACH FOR SYSTEM SIMULATION............................................................................... 54 

4.3.1  Simplified model based on hourly steady state heat balance (EXCEL tool) ................................... 54 
4.3.2  Detailed dynamic modelling with TRNSYS ..................................................................................... 55 

4.4  ENERGY ANALYSIS ............................................................................................................................... 55 
4.4.1  Energies considered ........................................................................................................................ 55 
4.4.2  Reference and units for energy values............................................................................................. 55 
4.4.3  Amendments to energy definitions................................................................................................... 55 

5  PERFORMANCE CRITERIA AND FIGURES.......................................................... 57 
5.1  ENERGY PERFORMANCE CRITERIA........................................................................................................ 57 

5.1.1  NRPE demand ................................................................................................................................. 57 
5.2  EMISSIONS ANALYSIS ........................................................................................................................... 57 
5.3  TECHNOLOGICAL ANALYSIS ................................................................................................................. 57 

6  BUILDING TYPES ........................................................................................................ 59 
6.1  WALLS ................................................................................................................................................. 60 
6.2  WINDOWS............................................................................................................................................. 62 
6.3  INTERNAL GAINS .................................................................................................................................. 62 
6.4  SOLAR SHADING AND VENTILATION ..................................................................................................... 63 
6.5  VENTILATION ....................................................................................................................................... 64 
6.6  DHW CONSUMPTION PROFILE .............................................................................................................. 64 
6.7  ELECTRICITY CONSUMPTION PROFILE................................................................................................... 65 

7  CLIMATES ..................................................................................................................... 66 

8  EXTERNAL ENERGY SUPPLY (DELIVERED ENERGY) .................................... 67 

9  DESCRIPTION OF SYSTEMS AND CONTROL STRATEGIES ........................... 69 
9.1  SYSTEM CONFIGURATIONS ................................................................................................................... 69 
9.2  HEATING AND COOLTH GENERATION CONTROL STRATEGIES ................................................................ 70 
9.3  SUPPLY FLOW AND ROOM TEMPERATURE CONTROL STRATEGIES ......................................................... 71 

10  DESCRIPTION AND MODELLING OF SYSTEM COMPONENTS ..................... 74 
10.1  SOFC BASED COGEN DEVICES .............................................................................................................. 74 
10.2  COMBUSTION BASED COGEN DEVICES .................................................................................................. 74 
10.3  TDC SYSTEM........................................................................................................................................ 75 
10.4  REFERENCE AND AUXILIARY HEATER (GAS BOILER)............................................................................. 76 
10.5  REFERENCE AND AUXILIARY CHILLER (MECHANICAL CHILLER) ........................................................... 77 
10.6  HEAT AND COLD STORAGE ................................................................................................................... 78 
10.7  HEAT AND COLD EMISSION DEVICES..................................................................................................... 79 



5 
 

10.8  EARTH COUPLED HP SYSTEM ............................................................................................................... 81 
10.9  MIXING VALVES ................................................................................................................................... 83 
10.10  PUMPS AND FANS ............................................................................................................................. 83 
10.11  COMPONENTS FOR SYSTEM CONTROL .............................................................................................. 83 

11  MATRIX OF CASES ..................................................................................................... 84 
11.1  COMPARISON OF RESULTS FROM DETAILED AND SIMPLIFIED MODELLING ............................................ 84 
11.2  SENSITIVITY ANALYSIS WITH SIMPLIFIED MODEL (AND PARTLY WITH DETAILED MODEL) .................... 84 
11.3  PARAMETRIC STUDY............................................................................................................................. 84 

12  RESULTS ........................................................................................................................ 85 
12.1  COMPARISON OF RESULTS FROM DETAILED AND SIMPLIFIED MODELLING ............................................ 85 
12.2  SENSITIVITY ANALYSIS WITH SIMPLIFIED MODEL ................................................................................. 86 

12.2.1  Influence of size of CGD and TDC ............................................................................................. 86 
12.3  RESULTS FROM DETAILED MODEL ........................................................................................................ 88 

12.3.1  NRPE demand and CO2 emissions.............................................................................................. 88 
12.3.2  Parametric study......................................................................................................................... 90 

13  CONCLUSIONS AND OUTLOOK.............................................................................. 94 

14  REFERENCES................................................................................................................ 95 

APPENDIX ............................................................................................................................. 97 



6 
 

CLIMATEWELL TDC WITH DISTRICT HEAT 

 

1  SUMMARY ................................................................................................................... 120 

2  INTRODUCTION......................................................................................................... 122 

3  NOMENCLATURE AND SYMBOLS ....................................................................... 122 

4  PERFORMANCE EVALUATION PROCEDURE................................................... 122 
4.1  MODELING APPROACH FOR SYSTEM SIMULATION............................................................................... 123 

5  PERFORMANCE CRITERIA AND FIGURES........................................................ 123 

6  DESCRIPTION OF CLIMATE, BUILDINGS AND LOADS ................................. 123 

7  DESCRIPTION OF SYSTEMS................................................................................... 124 

8  DESCRIPTION AND MODELLING OF SYSTEM COMPONENTS ................... 126 
8.1  CENTRALISED  CHP MODEL............................................................................................................... 126 
8.2  TDC AND COLD STORAGE .................................................................................................................. 126 
8.3  PIPES AND COLD DISTRIBUTION .......................................................................................................... 127 
8.4  HEAT REJECTION................................................................................................................................ 127 
8.5  ELECTRICAL MODEL: TDC, PUMPS AND FANS.................................................................................... 127 
8.6  COMPONENTS FOR SYSTEM CONTROL................................................................................................. 129 

9  MATRIX OF CASES ................................................................................................... 129 

10  RESULTS ...................................................................................................................... 130 
10.1  BASE CASE SYSTEM ............................................................................................................................ 130 
10.2  IMPROVED ELECTRICAL COP ............................................................................................................. 130 
10.3  VARIATION OF BOUNDARY CONDITIONS: LOAD, DRIVING TEMPERATURE AND CLIMATE..................... 134 

11  CONCLUSIONS ........................................................................................................... 139 

12  REFERENCES.............................................................................................................. 140 

13  APPENDIX – CALIBRATION OF SYSTEM MODEL ........................................... 141 
13.1  CALIBRATION OF SUBSYSTEM MODELS............................................................................................... 141 
13.2  CALIBRATION OF COMPLETE SYSTEM MODEL ..................................................................................... 143 



7 
 

ANALYSIS OF THE SP2 CONTROL STRATEGY BY TRNSYS SIMULATION 
PROGRAM 

1  INTRODUCTION......................................................................................................... 150 

2  PERFORMANCE EVALUATION PROCEDURE................................................... 150 
CALCULATION CRITERIA ................................................................................................................................. 150 

3  PERFORMANCE CRITERIA AND FIGURES........................................................ 151 

4  DESCRIPTION OF CLIMATE, BUILDINGS AND LOADS ................................. 151 

5  DESCRIPTION OF CHCP PLANT ........................................................................... 152 

6  DESCRIPTION AND MODELING OF SYSTEM COMPONENTS...................... 154 
SIMULATION MODEL DESCRIPTION .................................................................................................................. 154 

Main components ....................................................................................................................................... 154 
8.1  COMBUSTION BASED COGEN DEVICE, CHP......................................................................................... 154 
8.2  TDC SYSTEM...................................................................................................................................... 154 
8.3  HEAT AND COLD STORAGE ................................................................................................................. 155 
8.4  MIXING VALVES ................................................................................................................................. 155 
8.5  HEAT AND COLD EMISSION DEVICES................................................................................................... 155 
8.6  PUMPS AND FANS................................................................................................................................ 155 
8.7  COMPONENTS FOR SYSTEM CONTROL................................................................................................. 156 
8.8  BUILDING ........................................................................................................................................... 156 
MODEL ............................................................................................................................................................ 156 

Environment condition and office .............................................................................................................. 158 
Distribution circuit ..................................................................................................................................... 158 
Dissipation circuit ...................................................................................................................................... 159 
Driving circuit ............................................................................................................................................ 160 
Control Strategy ......................................................................................................................................... 161 

7  MATRIX OF CASES ................................................................................................... 166 

8  SIMUALTION MODEL RESULTS........................................................................... 166 
10.1  COOLING ENERGY STORAGE STRATEGY IN DIFFERENT CLIMATIC CONDITIONS ................................... 166 
10.2  COOLING ENERGY STORAGE STRATEGY WITH DIFFERENT COOLING DEMANDS ................................... 169 
10.3  COMPARISON WITH A CONVENTIONAL PLANT..................................................................................... 171 

9  CONCLUSIONS ........................................................................................................... 174 

APPENDIX 1: TABLES OF RESULTS ............................................................................ 176 

APPENDIX 2 ENERGY BALANCES ............................................................................... 179 

 

 

 



8 
 

SIMULATION STUDY OF THE INFLUENCE OF THE COOLING DISTRIBUTION 
SYSTEM ON THE PERFORMANCE OF SMALL SCALE CHP DRIVEN 
TRIGENERATION PLANTS 

1  SUMMARY ................................................................................................................... 186 

2  INTRODUCTION......................................................................................................... 188 

3  NOMENCLATURE AND SYMBOLS ....................................................................... 189 

4  PERFORMANCE EVALUATION PROCEDURE................................................... 190 

5  MODELING APPROACH FOR SYSTEM SIMULATION .................................... 190 

6  PERFORMANCE CRITERIA AND FIGURES........................................................ 191 

7  DESCRIPTION OF CLIMATE, BUILDINGS AND LOADS ................................. 196 

8  DESCRIPTION OF SYSTEMS................................................................................... 196 

9  DESCRIPTION AND MODELING OF SYSTEM COMPONENTS...................... 198 
9.1  COMBUSTION BASED COGEN DEVICES ................................................................................................ 198 
9.2  TDC UNIT........................................................................................................................................... 200 
9.3   HEAT REJECTION UNIT: DRY COOLING TOWER .................................................................................... 200 
9.4  REFERENCE AND AUXILIARY CHILLER (MECHANICAL CHILLER) ......................................................... 202 
9.5   HEAT   STORAGE TANK ....................................................................................................................... 202 
9.6  COLD EMISSION DEVICES.................................................................................................................... 203 
9.7   PUMPS ................................................................................................................................................ 205 
9.8   PIPES .................................................................................................................................................. 205 
9.9    COMPONENTS FOR SYSTEM CONTROL ................................................................................................ 206 

10  CASE AND SET DESCRIPTION............................................................................... 207 

11  RESULTS ...................................................................................................................... 210 
11.1  CASE A: CONSTANT ALMOST NOMINAL TDC COOLING LOAD (9.6KW) WITH DN 25 PIPES AT CHILLED 
WATER CIRCUIT ............................................................................................................................................... 210 
11.2  CASE B CONSTANT ALMOST NOMINAL TDC COOLING LOAD (9.6KW) WITH DN 40 PIPES AT CHILLED 
WATER CIRCUIT ............................................................................................................................................... 220 
11.2  CASE C CONSTANT PARTIAL TDC COOLING LOAD (6.4KW) WITH DN 25 PIPES AT CHILLED WATER 
CIRCUIT 221 
11.4  CASE D CONSTANT PARTIAL TDC COOLING LOAD (6.4KW) WITH DN 40 PIPES AT CHILLED WATER 
CIRCUIT 226 

12  CONCLUSIONS ........................................................................................................... 229 

REFERENCES..................................................................................................................... 230 

3  APPENDIX.................................................................................................................... 232 



9 
 

SYSTEM PERFORMANCE EVALUATION OF A DISTRICT HEATING DRIVEN 
COOLING PLANT IN DECENTRALIZED CHCP NETWORK WITH DIFFERENT 
CONTROL STRATEGIES 
 

1  SUMMARY ................................................................................................................... 239 
Approach .................................................................................................................................................... 239 
Results ........................................................................................................................................................ 240 
Conclusion.................................................................................................................................................. 243 

2  INTRODUCTION......................................................................................................... 244 

3  NOMENCLATURE AND SYMBOLS ....................................................................... 245 

4  PERFORMANCE EVALUATION PROCEDURE................................................... 246 

5  MODELING APPROACH FOR SYSTEM SIMULATION .................................... 246 

6  PERFORMANCE CRITERIA AND FIGURES........................................................ 247 

7   DESCRIPTION OF CLIMATE, BUILDINGS AND LOADS ................................ 252 

8  DESCRIPTION OF SYSTEMS................................................................................... 253 

9   DESCRIPTION AND MODELING OF SYSTEM COMPONENTS..................... 256 
9.1 DISTRICT HEATING CONNECTION POINT..................................................................................................... 256 
9.2 TDC SYSTEM ............................................................................................................................................. 256 
9.3 HEAT REJECTION UNIT: DRY COOLING TOWER ............................................................................................ 257 
9.4 REFERENCE AND AUXILIARY CHILLER (MECHANICAL CHILLER)................................................................. 259 
9.5 HEAT   STORAGE TANK............................................................................................................................... 259 
9.6 COLD EMISSION DEVICES ........................................................................................................................... 260 
9.7 CONTROLLED VALVES................................................................................................................................ 260 
9.8 CONTROLLED  3-WAY VALVES .................................................................................................................... 261 
9.9 CONTROLLED PUMPS ................................................................................................................................. 262 
9.10 PIPES........................................................................................................................................................ 263 
9.12 COMPONENTS FOR SYSTEM CONTROL ...................................................................................................... 264 

10  CASE AND SET DESCRIPTION............................................................................... 265 

11  RESULTS ...................................................................................................................... 275 
11.1 CASE A: PARTIAL COOLING LOAD FOR THE HOTTEST DAY OF THE YEAR.................................................... 275 
11.2  CASE B: PARTIAL COOLING LOAD FOR A COLD WINTER DAY..................................................................... 283 

12  CONCLUSIONS ........................................................................................................... 286 

REFERENCES..................................................................................................................... 288 

APPENDIX ........................................................................................................................... 290 



10 
 

 
 

Final report WP5 – general 
part 
 
 
Author: Energy research Centre of the Netherlands (ECN) 

 

PolySMART 
 
POLYgeneration with advanced Small and Medium scale thermally 
driven Air-conditioning and Refrigeration Technology 
http://www.polysmart.org 
 
Integrated Project partly funded by the European Union
Call: FP6-2004-TREN-3 
Contract/Proposal No. 019988  
 



11 
 

PolySMART® is a project partly funded by the European Union where 32 partners 
collaborate in order to develop a set of technical solutions for a new market segment for poly-
generation, in particular the market for small tri-generation systems. 
 
The main objectives of operation of this combined system called “Combined heating, cooling 
and power (CHCP)” are the following: 
 

• To reduce the consumption of conventional energy for cooling by use of waste heat 
from a co-generation system in combination with a thermally driven cooling process. 

• Thereby to improve the economic viability of the entire system by an increase of the 
annual operation time of the CHP unit.  

 
CHCP technology already exists on a large scale, mainly for industrial applications and some 
district cooling applications. The goal within PolySMART is to develop further application 
areas using small-scale CHCP systems in the commercial, tertiary and residential sectors. 
 
This report was produced as Deliverable D5.5 of WP5. 
 
 
 
 
Project partners 
AO SOL - Energias Renováveis, Portugal 
Avesco AG, Switzerland 
Bavarian Center for Applied Energy 
Research, Germany 
Behältertechnik Pink Ges.m.b.H., Austria 
Besel S.A., Spain 
ClimateWell AB, Sweden 
Energy research Centre of the 
Netherlands, Netherlands 
EuroSolar - Energias Alternativas,Portugal 
FA. TEC Thermic Energy-systems & 
Consulting GmbH, Austria 
Fraunhofer ISE, Germany 
Fredrik Setterwall, Konsult AB, Sweden 
Högskolan Dalarna, Sweden 
IKERLAN Technological Research Centre, 
Spain 
Instituto Nacional de Engenharia, 
Tecnologia e Inovacao, Portugal 
Joanneum Research, Austria 
 
 
 
 
 
 
 
Coordinator 
Fraunhofer Institute for Solar Energy 
Systems ISE, Germany 
 
Dr. Hans-Martin Henning 
 
 

Kungliga Tekniska Högskolan, Sweden 
M.Conde Engineering, Switzerland 
National Energy Conservation Agency, 
Poland 
Politecnico di Milano, Italy 
PSE AG, Germany 
ROBUR, Italy 
Rotartica / Fagor, Spain 
Schneid GmbH, Austria 
S.O.L.I.D., Austria 
Sonnenklima, Germany 
Sortech Aktiengesellschaft, Germany 
Swiss Federal Laboratories for Materials 
Testing and Research, Switzerland 
Technische Universität Berlin, Germany 
Technische Werke Ludwigshafen, 
Germany 
TEDOM-VKS s.r.o., Czech Republic 
University of Malta, Malta 
Weingut Peitler, Austria



12 
 

Summary 

The aim of this report is to give an overview of the results of Work Package 5 “Engineering 
Tools”. In this workpackage numerical tools have been developed for all relevant CHCP 
systems in the PolySMART demonstration projects (WP3).  
 
First, existing simulation platforms have been described and specific characteristics have 
been identified. Several different simulation platforms are in principle appropriate for the 
needs in the PolySMART project. The result is an evaluation of available simulation and 
engineering tools for CHCP simulation, and an agreement upon a common simulation 
environment within the PolySMART project.  
 
Next, numerical models for components in the demonstration projects have been developed. 
These models are available to the PolySMART consortium. Of all modeled components an 
overall and detailed working principle is formulated, including a parameter list and (in some 
cases) a control strategy. 
 
Finally, for four CHCP systems in the PolySMART project, a system simulation model has 
been developed. For each system simulation a separate deliverable is available (D5.5b to 
D5.5e) These deliverables replace deliverable 5.4 ‘system models’. The numerical models 
for components and systems developed in the Polysmart project form a valuable basis for 
the component development and optimisation and for the system optimisation, both within 
and outside the project. Developers and researchers interested in more information about 
specific models can refer to the institutes and contact persons involved in the model 
development. 
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Nomenclature 

CHCP Combined Heating, Cooling and Power 
CHP Combined Heating and Power 
TDC Thermally Driven Chiller 
SP Sub project (a demonstration project within WP 3 of PolySMART) 
WP 
DHW 

Work package (within the project) 
Domestic Hot Water 
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1 Introduction 
 
 
This chapter gives an overview of the work and deliverables from the Polysmart work 
package 5.  

1.1 Work package 5 “Engineering tools” 
The aim of the PolySMART work package “Engineering tools” (WP5) is to develop 

numerical tools for all relevant CHCP systems in the demonstration projects (WP3). These 
numerical tools are available to the PolySMART consortium. Therefore existing tools have 
been evaluated and adapted to the CHCP systems used in PolySMART. By using existing 
and/or new component models, numerical models for CHCP systems that focus on energy 
performance have been developed. The experiments in WP3 provide experience-based 
insight in CHCP system performance under the conditions in the demonstration projects 
(climate, building load, controls etc.). The models have been and will be used to increase 
this “experience-based insight” by:  

- analyzing “what if” questions directly from the demonstration projects e.g. on 
control strategy.  

- verifying the suitability of CHCP systems at other locations or combined with 
other load patterns than those of the demonstration subproject. I.e. how does 
the CHCP system perform in Italy, compared to the Netherlands?  

- evaluating system configurations and layouts that are not part of the 
demonstration projects of PolySMART, but of other demonstration projects. 
(derived from e.g. WP2 where interesting markets will be identified).  

- Carrying out a sensitivity-analysis of system parameters.  

Several different simulation platforms are in principle appropriate for the needs in the 
PolySMART project (e.g. TRNSYS, Modellica, Matlab, ESPr, etc.). WP5 started by taking a 
decision on which platform(s) to use.  

For a comprehensive assessment of CHCP-systems not only energetic but also 
economic and ecological factors have to be taken into account. A calculation module was 
developed to determine the primary energy use, CO2 emission as well as the investment and 
running costs. A database was included containing price rates for electricity and fuels in 
function of the time of the day and the time of the year respectively. The investment costs 
are stored in the database for different power ranges to take the cost increase for small 
applications into account. Data can easily be modified or added by a user. This tool is 
referred to as “the design tool” within PolySMART.   

Deliverable 5.1 and 5.2 deliver input to WP2 (market study), WP3 (demonstration) and 
WP4 (technical assessment & design guidelines). The results of this WP helped in 
establishing a method to judge energy-efficiency, sustainability and cost-effectiveness. 
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Work package 5 was divided into the following phases: 

1. Review available tools and agree upon common simulation environments 

2. Develop simulation models for micro-CHCP-systems in WP 3 (‘using output of 
WP 4 for calibration’)  

3. Develop and/or optimize system control strategy for WP 3 

4. Perform case studies for special scenarios (including configurations not present 
in SP’s) emerging from WP 2, WP 3 and WP 4, to help to establish ‘design 
guidelines’ 

5. Perform parametric studies, with variations in e.g. load patterns, climate and 
system configurations (sensitivity analysis) 

6. Develop an easy-to-use calculation module for assessment of micro-CHCP 
(energy, economy and ecology) to help to establish a method to judge energy-
efficiency, sustainability and cost-effectiveness (“Design tool”) 

1.2 Evaluation of engineering tools 
Deliverable 5.1/2 is the result of abovementioned phase 1; review of available simulation and 
engineering tools for CHCP simulation, and agreement upon a common simulation 
environment for the PolySMART project.  

Work for this deliverable and this report was structured as follows: 

- A survey has been sent out to all project partners to get a first impression about 
which tools, component models and building load profiles are available. 
Manufacturers and sub project leaders were asked to indicate which kind of 
WP5 output would be of particular interest concerning their (products involved 
in the) sub projects.  

- With the survey as starting point, an inventory has been made of available 
numerical CHCP tools. A differentiation has been made between quick scan 
tools, design tools and simulation tools.  

- An overview has been made of the components present in the PolySMART sub 
projects. This overview has been compared with available component models, 
to see which components require special attention (either because models are 
not available or existing models have to be modified).  

- An overview has been made of load profiles that are available within the 
consortium and in literature. The focus of the PolySMART project is on the 
CHCP system and not on the (simulation of) buildings. Therefore it’s preferred 
to work with building load profiles. An analysis has been made how to account 
for the interaction between building and CHCP system, when using load 
profiles (instead of integrated building & HVAC models). However, in one of the 
system performance evaluation the building simulation has been included in 
order to use zone’s temperatures as input variables of the control algorithm. 
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- Based on the facts gathered and the preferences of the project partners a 
decision has been taken on which simulation platform to use in WP5. The 
implications of this choice will be briefly discussed (effort, costs, etc).  

 

This report is written mainly for the EC and the project consortium, as the conclusions 
mainly serve as a starting point for WP5 in PolySMART. However, sections covering e.g. 
available numerical CHCP tools and load profiles could be of interest to a wider audience 
and will be made available via the project website.  

1.3 Component and system models 
For most components in the PolySMART subprojects, a specific component model has been 
developed. All thermally driven coolers are modelled and most other components in the 
CHCP systems. For all components an overall subsystem description is available, in which 
the working principle of the TDC and associate components is explained. Next, the 
characteristics of a specific component are described, including input and output parameters 
and modelling principle. Also, in some cases the effects of control strategies on performance 
of components is assessed. Finally, of each modelled component, the modelling limitations 
are discussed. For example, the effects of a relative simple modelling principle on the output 
parameters, or a sensitivity analysis. 

 
For four subprojects in the PolySMART project a system simulation is performed. In these 
cases, the entire CHCP system is modeled, with all its components. Also, control strategy is 
part of the system simulations. A system evaluation consists of a detailed description of each 
component, but also interaction between components, and the effect on system performance. 
The system performance evaluation models are briefly described in section 4  Complete 
descriptions have been issued as separate deliverables of the Polysmart project (D5.5b, 
D5.5c, D5.5d and D5.5e). 
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2 Review of available tools 

In this chapter, an overview is given of available tools for modelling CHCP configurations.  
Existing simulation platforms have been described and specific characteristics have been 
identified. Result is an evaluation of available simulation and engineering tools for CHCP 
simulation, and an agreement upon a common simulation environment for the PolySMART 
project.  
 

2.1 Overview of available tools 
To start the inventory on available numerical CHCP tools, the term “engineering tools” was 
divided into three categories: quick scan tool, design tool and simulation tool. The table 
below shows some characteristics of these categories used in this project to identify the 
differences.  
 
Table 1: characteristics of three categories of engineering tools  

 Quick scan Design Simulation 

Objective First feasibility check Rough analysis of 
various configurations 

Detailed analysis, 
control strategy design 

Phase Preliminary study Design process Detailled design & 
research 

User Building owner, engineer 
/ consultant Engineer / consultant Scientific researcher 

Outputs Rough estimation of 
energy-use and cost Energy, emission, cost Energy, comfort, 

performance 

Level of detail Low resolution (month-
year) 

Low resolution (month-
year) High resolution (sec-hr) 

PolySMART will 
produce 

Overview of existing 
tools 

Public tool, use for good 
practice & guidelines 

Internal tools (spin-off to 
research community) 

Scope: tools for CHP, TDC and CHCP and preferably including building loads / 
interactions (but we don’t aim to describe in detail all kinds of building simulation tools).  

In the PolySMART project, several tools are studied. Of all tools a specific description is 
available. In this description the strength and weakness of the tool are discussed, but also if 
the tool is validated, what the required expertise is, on which computer platform it is operated 
etc.  

In the table below, an overview is given of available tools, divided into three categories of 
engineering tools as described above. Check with the contact person whether the tool is 
public available. 
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Table 2: overview of available engineering tools, including short description and contact person 

  Short Description  Contact Person  Insitute 
Quick scan tools       
RETScreen  Software for evaluating energy 

production and savings, costs, emission 
reductions, financial viability and risk for 
various types of Renewable-energy and 
Energy-efficient Technologies (RETs). 

  ISE 

Design tools       
Audytor OZC  This program designs heat loads of 

buildings. The tool produces the annual 
energy consumption of buildings and 
energy performance data for building 
energy performance certificate, 

  NAPE 

DHWcalc  The program distributes DHW draw-offs 
throughout the year with statistical 
means, according to a probability 
function. 

   

EasyCool  This program designs cold loads of 
buildings. The tool produces the annual 
energy consumption of buildings and 
energy performance data for building 
energy performance certificate, 

   

Ecotect  Complete environmental design tool 
which couples an intuitive 3D modelling 
interface with extensive solar, thermal, 
lighting, acoustic and cost analysis 
functions.  

   

EES  The Engineering Equation Solver (EES) 
is a tool with a large data base of 
thermal material and transmission 
attributes of all common working fluids 
which significantly simplifies 
thermodynamic, heat and mass 
transfer, and fluid mechanics problem-
solving 

schweigler@muc.z
ae-bayern.de 
 

ZAE 

Energy‐10  Conceptual design tool focused on 
making whole-building tradeoffs during 
early design phases. Performs whole-
building energy analysis for 8760 
hours/year, including dynamic thermal 
and daylighting calculations.  

mpicp@aosol.pt 
 

Aosol 

GenFC load generator  The electric and hot water load 
generator tool produces typical, random 
time series of domestic hot water and 
non-HVAC electrical loads. 

Andreas.weber@e
mpa.ch 

Empa 

Simulation       
ColSIM  ColSim is a modular simulation 

environment, primarily designed for 
development of controllers in thermal 
systems. 

christof.wittwer@is
e.fhg.de 

ISE 

ESPr  General purpose simulation 
environment which supports an in-depth 
appraisal of the factors which influence 
the energy and environmental 
performance of buildings. 

   

Energy Plus  EnergyPlus includes innovative 
simulation capabilities including time 

  Ineti 
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steps of less than an hour, modular 
systems simulation modules that are 
integrated with a heat balance-based 
zone simulation. 

Matlab Simulink  Matlab Simulink is an environment for 
multidomain simulation and Model-
Based Design for dynamic and 
embedded systems. 

stefan.petersen@tu
-berlin.de 
 

TUBerlin 

Modelica  The object-oriented modeling language 
Modelica is designed to allow 
convenient, component-oriented 
modeling of complex physical systems. 

stefan.petersen@tu
-berlin.de 
 

TUBerlin 

TRNSYS  TRNSYS includes a graphical interface, 
a simulation engine, and a library of 
components that range from various 
building models to standard HVAC 
equipment to renewable energy and 
emerging technologies. 

stefan.petersen@tu
-berlin.de 
 

TUBerlin 

 

As table 2 shows, several different simulation platforms are in principal appropriate for the 
needs in the PolySMART project (e.g. TRNSYS, Modellica, Matlab, ESPr, etc.). This chapter 
contains an evaluation of available simulation and engineering tools for CHCP simulation, 
and agreement upon a common simulation environment for the PolySMART project. 
Selection of the common simulation platform is based on desired functionalities and 
available features. 
 

2.2 Comparing the options 
A survey has been sent out to all project partners to get a first impression which tools, 
component models and building load profiles are available. Manufacturers and sub project 
leaders were asked to indicate which kind of WP5 output would be of particular interest 
concerning their (products involved in the) sub projects.  

With the survey as starting point an inventory has been made of available numerical CHCP 
tools. A differentiation has been made between quick scan tools, design tools and simulation 
tools.  

An overview has been made of the components present in the PolySMART sub projects. 
This overview has been compared with available component models, to see which 
components require special attention (either because models are not available or existing 
models have to be modified).  

An overview has been made of load profiles that are available within the consortium and in 
literature. The focus of the PolySMART project is on the CHCP system and not on the 
(simulation of) buildings. Therefore it’s preferred to work with building load profiles. An 
analysis has been made how to account for the interaction between building and CHCP 
system, when using load profiles (instead of integrated building & HVAC models). However, 
in one of the system performance evaluation the building simulation has been included in 
order to use zone’s temperatures as input variables of the control algorithm. 

In the table below, an overview is given of available simulation platforms for each 
polySMART partner.  

 



20 
 

 

Table 3: available simulation platforms per project partner 

yes TRNSYSRotartica
Matlab, M.SimulinkyesTRNSYSKTH

yes, yes, noMathCad, Delphi, StatemateConde
M. Simulinkyes TRNSYSSERC

yes TRNSYSIkerlan
yes, yesTRNSYS, EnergyPlusIneti
yes, yesTRNSYS, M.SimulinkECN

TRNSYS, Matlabyes ModelicaTU Berlin
Modelicayes, yes, yesTRNSYS, Matlab, M.SimulinkEMPA
M. Simulinkyes TRNSYSPolimi
M. Simulinkyes, yesTRNSYS, ModelicaFraunhofer
Also open toLicenseUse in PolySMARTPartner

yes TRNSYSRotartica
Matlab, M.SimulinkyesTRNSYSKTH

yes, yes, noMathCad, Delphi, StatemateConde
M. Simulinkyes TRNSYSSERC

yes TRNSYSIkerlan
yes, yesTRNSYS, EnergyPlusIneti
yes, yesTRNSYS, M.SimulinkECN

TRNSYS, Matlabyes ModelicaTU Berlin
Modelicayes, yes, yesTRNSYS, Matlab, M.SimulinkEMPA
M. Simulinkyes TRNSYSPolimi
M. Simulinkyes, yesTRNSYS, ModelicaFraunhofer
Also open toLicenseUse in PolySMARTPartner

 

From the surveys it becomes clear that there is strong interest in TRNSYS and Modelica. 
The third option is Matlab Simulink. 

Important advantage is the model portability between TRNSYS and Modelica. Also, real-time 
connections between TRNSYS and Modelica are possible. The pro’s and con’s of the three 
most promising simulation platforms are described in table 4.  
 
Table 4: pro’s and con’s of simulation platforms TRNSYS, Modelica and Matlab Simulink 

 TRNSYS Modelica Matlab Simulink 

Libraries Extended, validated 
components Limited Limited 

Community Large, active New, small Large, active 

Ease of use Familiar to most WP5 
partners 

Familiar to 2 WP5 
partners Relatively easy to use 

Calculation time 

Depending on the 
complexity of the model 

(from seconds, to 
minutes) 

 Relatively quick 

Support Active helpdesk and 
mailing lists  Active helpdesk (payed 

for) 

Cost Moderate Moderate High 

Other Real-time connection to 
M. Simulink  Strong in controls, link to 

hardware 

Programmability 

Fortran code, Also 
graphical interface 

available for simulations 
and building models 

 

Graphical interface 
(Simulink) available. 
Progtamming in ‘M’ 

language 

 Common for buildings 
and HVAC   

 Solver issues for high 
dynamics   
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Among other things, the main advantages of TRNSYS are the extended validated libraries 
and the availability of this platform in the PolySMART consortium. In contrast, Modelica and 
Matlab Simulink have limited libraries and are used by a relative small community. In terms 
of ease of use, the simulation platforms are all familiar to most WP 5 partners. However, 
considering support and programmability, TRNSYS is the better option. 

2.3 Choice and Implications 
The consortium is looking for three functionalities of the simulation platform: 

• System Performance Evaluation (SPE) 
What happens to the energy balance when I change the recooler? How much energy 
would I save in a southern climate? 

• Operational Strategy (OS) 
When do I start my backup chiller? At which indoor temperature should the Thermal 
Driven Cooler start? 

• Control Strategy (CS) 
What are the parameters for controlling the mixing valve for the CHP return 
temperature? To which value should I set the cycle time of the Thermal Driven 
Cooler? 

 
The above mentioned functionalities require different features in simulation tools. The 
following criteria are identified: 
 

• Resolution (sec, min, hr, month) 
• Complexity / accuracy of models 
• Calculation time for total model 
• Representation of building and users 

 
Based on these criteria, TRNSYS is most suited for System Performance Evaluation (high 
resolution, accuracy). Goal is to evaluate different CHCP configurations and applications. 
For Control Strategy Modelica is the best option. Goal is to answer specific questions from 
the subprojects. For Operational Strategy issues, for each specific case the most suited 
simulation platform will be used (Either Modelica or TRNSYS). 
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3 Component models 

Numerical models for most relevant components in the demonstration projects have been 
developed. These models are available to the PolySMART consortium. Of all components 
an overall and detailed working principle is formulated, including a parameter list and (in 
some cases) a control strategy. 

3.1 Overview of available component models 
The table below gives an overview of all available component models in the PolySMART 
project. 
 
Table 5: Modeled components in the PolySMART project 
Component  Device  Institute  Paragraph 
TDC  Climatewell  SERC  3.2 
μCHP  Dachs Senertec  Empa  3.3 
SOFC μCHP    Empa  3.4 
TDC  Sortech  Frauenhofer  3.5 
Heat rejection unit    Frauenhofer  3.6 
μCHP  Alpha type Stirling Engine  Joanneum  3.7 
μCHP  AVESCO 52  Polimi  3.8 
TDC  Robur  Polimi  3.9 
DEC air handling unit    Polimi  3.10 
TDC    TU Berlin  3.11 
TDC    Ikerlan  3.12 

 
In the next sections a short description of the component models is given. 

3.2 TDC (SERC) 
Model of 5th generation thermally driven cooler of Climatewell. 
Modelling language: TRNSYS 
Two models: one for the barrel, consisting of a reactor with working medium and 
condenser/evaporator (type 825) 
and one for the switching unit and controller (type 826). 
The complete TDC is modelled by two barrels, connected by the switching unit. 
 
Equations used:  
an equivalent resistance network for the external and internal heat losses is used. Conde 
equations are used to determine the properties of the solution and self-derived correlations 
are used for the properties of the solid salt mixture. Heat of dilution, the enthalpy of 
crystallisation and the heat of evaporation plus the sensible heat of the substances are taken 
into account. 

3.3 μCHP (EMPA) 
Model of the Dachs Senertec micro-CHP system. 
The combustion based cogeneration device model developed in the frame of the IEA 
ECBCS Annex 42 has been used (Kelly and Beausoleil-Morrison (ed), 2007). This model 
comprises 3 basic control volumes. The energy conversion, the engine mass and the cooling 
water control volume. The energy conversion control volume represents the combustion 
processes taking place within the cylinder or cylinders of the engine unit. Generic polynomial 
performance equations expressing the electrical and thermal efficiencies are used for this 
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control volume. First order differential equations are used for the other two control volumes, 
thus the thermal transient behavior of the device is described with this model as well. 
 

3.4 μCHP (EMPA) 
Model of a SOFC micro-CHP. 
The device has been modelled with the IEA Annex 42 fuel cell based model (Kelly and 
Beausoleil-Morrison (ed), 2007). This model uses a subsystem approach with 12 control 
volumes to describe a generic fuel cell device.  The fuel cell power module (FCPM) 
represents the core control volume of the model. It comprises a large number of components 
such as fuel cell stack, fuel reformer, afterburner etc. The performance characteristic of the 
FCPM has to be determined using either empirical data or data derived from a more detailed 
fuel cell system model. For the SOFC system used in this current PolySMART study the IEA 
Annex 42 model has been calibrated with results of a detailed fuel cell system model, 
comprising physical models for each of the SOFC stack and balance of plant components 
(Kazempoor, 2010). This SOFC model was specifically developed for this purpose.  
 

3.5 TDC (Fraunhofer ISE) 
Model of the thermally driven cooler of SORTECH. 
The adsorption chiller model is a physical model constructed basically by RC-components 
(resistances and capacities) for heat and mass transfer. The model consists of four heat 
exchangers: one for each adsorber chamber, for the condenser and the evaporator. Heat 
and mass are conserved and pressure-dependent evaporation and condensation enthalpies 
are taken into account. The model is compared to measurement data.  

3.6 Heat rejection unit (Fraunhofer ISE) 
Two different models of a heat rejection unit were developed. The first model (1) is a 
dynamic model that also contains heat capacities and therefore can simulate the 
development of temperatures, while the second model (2) only consists of the main thermal 
resistances and shows the same results as (1) at stationary conditions. The model consists 
of a volume flow depending heat transfer coefficient for the water and the air side.  

3.7 μCHP (Joanneum) 
Model of an Alpha-type Stirling Engine. It is a kinematic model of the crank mechanism, the 
pistons and the heat exchangers including the regenerator. It features two working principles: 
constant rotation speed with calculated torque or constant torque with calculated rotation 
speed. 
The volume variation of the cylinders is considered non-sinusoidal because of crank 
geometry. The pressure drop in the working gas is not modeled exactly. Heat exchangers 
are simply modeled. 

3.8 μCHP (Polimi) 
Model of the AVESCO 52 μCHP system. 
The modeling principle is based on simple algebraic equations for the electrical power 
generation and consumption and a first order differential equation for the useful heat 
generation, i.e. the heat effectively delivered to the user. On the thermal side, thermal inertia 
and thermal losses through the circuit must be taken into account: a simple lumped inertia 
and resistance model suffices. 

3.9 TDC (Polimi) 
Model of the ROBUR thermally driven cooler. 
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The component model is based on simple algebraic equations for the thermal COP, the 
cooling power and the parasitic consumption. 

3.10  DEC air handling unit (Polimi) 
Model of a Desiccant Evaporate Cooling system. 
The DEC model includes not only the system of equations of the several components 
(desiccant wheel, rotating heat exchanger, regeneration coil, return humidifier and supply 
humidifier) but also an optimization algorithm that aims at selecting the most efficient system 
operation mode (the so called operational planner) according to the existing boundary 
conditions. The desiccant wheel model is based on a set of 4 energy and mass transfer 
differential equations, for which a simplified solution method has been proposed. 

3.11 TDC (TU Berlin) 
The model is able to simulate the part load performance of simple effect absorption chillers, 
of any given cooling capacity and using any kind of working pair (refrigerant/absorbent). 
Correct simulation results have been achieved for the simulation of chillers using 
water/lithium bromide as working pair. Simulation results of absorption chillers with working 
pairs needing a rectification stage (as in can be the case i.e. For ammoniac/water chillers) 
are also possible but can be not so satisfactory because the analysis does not consider this 
stage. 
The model is based on a simplified thermodynamical analysis at the 4 main heat exchangers 
of the absorption chiller (absorber, generator, condenser,evaporator) under certain 
assumptions. The heat transfer rates at these main heat exchangers is determined based on 
the external flows temperatures and the heat transfer characteristics of the heat exchangers, 
and the COP is calculated as a relationship between the heat flow rate at evaporator and 
generator.  
For the determination of the coefficients appearing on the analytical equation two ways can 
be followed: the coefficients can be obtained from the physical and constructive 
characteristics of the machine  and the thermophysical properties of the working pair or by 
fitting the catalog data of commercial machines or the test measurements of devices with no 
available catalog data. 
 

3.12 TDC (Ikerlan) 
Model of the Rotartica thermally driven cooler. 
Modelling language: TRNSYS 
The component model is based on algebraic equations for the thermal COP and the cooling 
power that use driving, re-cooling and chilling circuits temperatures as input variables. Those 
equations have been developed from performance data supplied by the manufacturer.



25 
 

4 Summary of System Performance Evaluation work 

This chapter contains a summary of four system performance evaluations. Table 6 shows for which 
subprojects this evaluation has been carried out, including their correspondent deliverables.  
 
Table 6: system performance evaluations 
Subproject Evaluated systems Deliverable Organization 
SP 3 SOFC based CHCP 5.5 b EMPA 
SP 1b SOFC based CHCP 5.5 c KTH/SERC 
SP 2 Control strategies to 

manage cold storage 
tank  
 

5.5 d Ikerlan 

SP 8b district heating driven  
cooling plant  in a 
decentralized CHCP 
network  

5.5 e TUB 

 
 

4.1 System performance evaluation of SOFC base CHCP systems 

Approach 
A performance evaluation study has been made for a number of micro combined heating, cooling 
and power (CHCP) systems in residential buildings in the hot climate of Madrid, Spain. The 
performance in terms of non-renewable primary energy (NRPE) demand and of CO2-equivalent 
(CO2-eq) emissions was analysed for a natural gas fuelled solid oxide fuel cell (SOFC) based 
CHCP system and was compared to a reference system which comprises a gas boiler, mechanical 
chiller and electricity supply from the grid. An internal combustion (ICE) based CHCP system and a 
ground source heat pump system, where the ground source was used also as a heat sink for free 
cooling, were also analysed for comparison.  

The systems were integrated in multi family residential houses of three different insulation levels 
named low, medium, high space heating (SH) demand building. In the “low” and “medium” 
buildings the heat and cold was distributed with a floor heating and cooling system and in the 
“high” building with a fan coil system. The floor heating system uses lower heating temperatures, 
therefore a system configuration with two heat storages of two different temperature levels for SH 
and for domestic hot water (DHW) and TDC was applied in this case (Figure 1).  
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Figure 1: Polygeneration system configuration with two heat storages for the buildings with floor heating and 
cooling system (CGD = cogen device) 

Two different grid electricity generation mixes were considered: average European according 
UCTE (Union for the Co-ordination of Transmission of Electricity) and electricity generated purely 
in state of the art combined cycle power plants (CCPP). The simulations were conducted for the 
climatic conditions of Madrid (Spain) and for three different domestic hot water and electric 
demand profiles. The whole-building simulation tool TRNSYS was used for detailed simulations 
and an EXCEL based energy balance model for simplified simulations. 

The dynamic cogen device models developed within IEA Annex 42 (Beausoleil-Morrison 2007) 
were applied for the detailed CHCP system simulations. The SOFC based cogen device model 
was calibrated with results of a detailed fuel cell system model, comprising individual models for 
the SOFC stack and balance of plant components (Kazempoor, 2009). This SOFC model was 
specifically developed for this purpose.  

Results 
The resulting NRPE demands from the detailed and the simplified models were compared for 
cases with different ratios of annual thermal energies (heat output CHP vs. total heat demand incl. 
heat demand for TDC). The difference between the two models was in most cases in the range of 
5 to 10 %. Therefore the simplified model was considered to be useful for sensitivity analysis of 
CHP and TDC device capacities. This analysis has been done for two different fuel utilization rates 
within the SOFC device (M1 and M2), two different values for the COP of the TDC and for the two 
different grid electricity mixes (CCPP and UCTE).. The results showed a substantial influence of 
the grid electricity mix on these sensitivities. The COP of the TDC and the internal fuel utilisation of 
the SOFC show a medium and low influence respectively. In case of CCPP electricity mix the 
NRPE demand was always increasing with higher TDC capacities. i.e. considering NRPE demand, 
cooling with TDC cannot be recommended in case of CCPP grid electricity mix. This was different 
in case of UCTE grid electricity mix. Here the NRPE demand was either increasing or decreasing 
with higher TDC capacities, depending on the capacity and the fuel utilization rate of the SOFC 
device and the COP of the TDC.  
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Figure 2: NRPE demand (left) and CO2-eq emission (right) per m2 reference floor area for the different CHCP 
systems and reference system  depending on the SH energy demand level (low, medium, high) of the 

building. The percentages denote the savings in relation to the reference system (gas boiler and mechanical 
chiller). CCPP (top) and UCTE (bottom) electrical grid mixes are assumed 

Results from detailed simulations were used for detailed comparison of the investigated systems. 
The potential of the SOFC systems for savings in both, NRPE demand as well as CO2-eq 
emissions, was clearly demonstrated. In the case of UCTE electricity grid mix the SOFC was the 
most favourable system. NRPE demand savings in the range of 37 to 39 % could be achieved in 
the “low” and “medium” building and up to 62% in the “high” building. The resulting reductions for 
the CO2-eq emissions were in the range 21 to 23% for the “low” and “medium” building and 35% 
for the “high” building. In case of CCPP grid electricity mix a maximum NRPE demand and CO2-eq 
emission reduction of 20 % resulted. The influence of the fuel utilization rate of the SOFC device 
was not significant. Due to the higher electric efficiency and the modulating capability, the amount 
of electricity generated by the SOFC systems was two to three times higher than by the ICE cogen 
device. Therefore the savings achieved with the ICE CHP were much smaller: 1 to 4% NRPE 
demand and CO2-eq emissions reduction in case of CCPP grid electricity mix and 17% to 20% 
NRPE demand and about 10 % CO2-eq emissions reduction in case of UCTE grid electricity mix 
(Figure 2) 

Comparing the SOFC cases with TDC and cases without TDC but with a mechanical chiller, it can 
be concluded that with the presence of a TDC a small increase of the CO2-eq emission resulted in 
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all cases independent on the SH energy demand level of the building or the grid electricity mix 
assumed. In terms of NRPE demand this was different: Only if UCTE grid electricity mix was used 
a small saving was achieved in the high SH energy demand building. In the two other buildings the 
NRPE demand was equal with and without TDC. In case of CCPP grid electricity mix the NRPE 
demand was always higher with TDC.  

The heat pump (HP) system was not used in the high SH energy demand building due to the high 
temperature distribution system installed. In the low and medium SH energy demand building the 
HP system was the most favourable system in terms of NRPE demand and CO2-eq emissions in 
case of CCPP grid electricity mix. The NRPE demand and CO2-eq emissions savings compared to 
the reference system were 23% and 27% respectively in these two buildings.  

Conclusion 
Depending on the grid electricity mix and the SH energy demand of the building either the 
investigated HP system or the SOFC based CHP system can offer the highest NRPE demand and 
CO2-eq emission savings. Only in a few cases the electrical efficiency of the SOFC device was 
high enough to achieve an additional NRPE demand saving if TDC is used for space cooling. This 
could be achieved in even more cases if higher maximum electrical efficiencies of up to 60 %, as 
announced in a recently presented SOFC device, will become state of the art. However, it has to 
be carefully investigated in each individual case depending on the performance characteristic and 
the size of the SOFC cogen device, the COP and the size of the TDC and the grid electricity mix 
whether CHCP with a TDC is able to further reduce the NRPE demand and CO2-eq emissions or 
not. 
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4.2 System performance evaluation of a district heating  driven  cooling 
plant  in a decentralized CHCP network  with different control 
strategies 

Approach 
A performance evaluation study has been made based on the district heating driven absorption 
cooling plant installed within the PolySMART project (Subproject 8B) at the facilities of TU Berlin. 
The plant is part of a decentralized CHCP network in which the combined heat and power are 
produced centrally while the cooling production is decentralized. The parameters used for the 
different component models used in the system model have been taken from real parameters 
supplied by the manufacturer’s of the installed components or measured or taken from the real 
plant. The main goal of the simulation study was to compare the performance of the plant using 
different strategies for controlling the Thermally Driven Chiller (TDC) operation. Additionally the 
benefits of installing or not a cold water storage in the plant have been studied. The thermal and 
specially the electrical performance of the plan have been analysed for different control strategies. 
To try to evaluate the overall energetic efficiency of the plant an analysis  in terms of non-
renewable primary energy (NRPE) demand was also performed. This additional performance 
figure is needed because of the different primary energy factors for  district heating and electricity 
supply.  

All component  and system models, including controllers and evaluators, have been developed 
using the Modelica simulation language within the Dymola simulation environment. The component 
models have been taken from the Modelica Fluid Library 1.0 Beta 2 or developed using these in a 
new Library named PolySMART Library, using validated models for all main components of the 
systems [Hellman, 1999] [Stabat, 2004] 

The reference set of the system for comparison of the control strategies was  the system as it was 
installed and controlled during the PolySMART project at TU Berlin(Figure 1).  The chilled water 
temperature is controlled  using a 3-way valve that recirculates chilled water from outlet to the 
chilled water inlet. The cooling water temperature is maintained at a constant level by controlling 
the fan speed of a dry cooler. In the distribution system, valves and pumps are controlled in order 
to maintain a constant return temperature to the TDC. A cold water storage tank is present. This 
set is referenced as TCW C TANK. 
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Figure3: Reference  system set with constant cooling water temperature and tank (TCW C TANK) 

 

Second set uses the same control strategy and configuration than the reference one but it does not 
include the chilled water storage tank. Thus a pump in the chilled water distribution system can be 
saved. (CC1 P2). The set is referenced as TCW C NOTANK.  

The third and fourth system sets use both  a new variable cooling water strategy  for controlling the 
chilled water temperature[Kühn, 2007] including or not a chilled water storage tank. They are 
refereed as TCW V TANK and TCW V NOTANK. 

The fifth and  six simulation sets were developed after evaluating the first results of set 1 to 4, 
trying to combine the advantages observed for the first and second control strategy. These 
advantages are achieved by opening the rejected heat valve VRH in an optimised way depending 
on the set temperature for the cooling water (for both strategies) and trying to run the chiller at the 
cooling load that optimise the electrical COP (if it is possible). One of the set includes a chilled 
water storage tank and the other not. These set  are named  TCW V+OptEl TANK (for optimised 
electrical COP and including storage tank) and TCW V+OptVO  NOTANK  (optimal rejected heat 
valve opening). 

Two simulation cases studies were performed for each of the six simulation sets. Using  
Meteonorm weather data for Berlin, the first simulation case evaluates the performance of the 
system for the hottest day of the day (August 19th) while the second case evaluates the 
performance on a cold day in winter (January  19th ).   

Results 
Thermal and electric performance where compared for all simulated sets plant operation  under 
different boundary conditions. The thermal performance factor is expressed in 
kWh_Cooling/kWh_HeatSupply as an integrated value of instantaneous electrical COPs and the 
electric performance factor as an integrated value of instantaneous thermal COPs in  
kWh_Cooling/ kWh_ElectricSupply.   

These factors are calculated both for the TDC (including rejection heat electric consumption) and 
the complete cooling plant (including losses and power consumption in the distribution system). 
The Non-renewable Primary Energy factor (NRPE) expressed in 
kWh_Cooling/kWh_PrimaryEnergy is calculated using primary energy factors for electricity and 
district heating for the electric and district heating networks of Berlin and Dresden in Germany 
(PRFel=2,5 for both,, PRFdh=0,56 for Berlin PRFdh=0,2 for Dresden). 

 

Table 7: Main performance figures of different sets for the simulated hottest day of the year 

 

It is clear that under this weather conditions the electrical performances of both TDC and plant are 
better for the systems not including an storage tank. It is also clear that the chilled water control 

SET
TDC thermal  performance factor 0,703 0,730 0,703 0,732 0,703 0,732
Plant thermal  performance factor 0,659 0,690 0,659 0,696 0,659 0,697

TDC Electric performance factor 8,03 8,14 10,73 8,82 11,10 8,48
Plant electric performance factor 5,60 5,65 6,94 6,04 7,10 6,04

NRPE  with Berlin conditions 1,31 1,26 1,22 1,23 1,21 1,23
NRPE with Dresden conditions 0,75 0,73 0,66 0,70 0,66 0,70

TCW C 
NOTANK

TCW C 
TANK

TCW V 
NOTANK

TCW V 
TANK

TCW V+OptVO 
NOTANK

TCW V+OptEl
 TANK
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strategy using a variable cooling water temperature improves the electric performance factor. The 
new developed variable cooling water strategy with additional optimised RVH valve opening  (TCW 
V+OptVO  NOTANK) increase the electrical COP of the chiller additionally for low ambient 
temperatures. 

Figure 4: COPel and Q0 of sets without tank for the hottest day of the year 

 

If the ambient temperature is low enough the electrical performance factor of the chiller will be 
better for high cooling loads. This is a consequence on how the electrical consumption of the 
rejection heat system changes with the temperature. As figure YY shows, the electrical COP for 
the simulated sets that include a storage tank and work with higher loads is better in the first hours 
(at night) of the simulated day in summer. However because later high temperatures are present 
during most of the day, the sets including the storage tank are not electric efficient any more in 
relation with those sets not including a tank, and as a result the electric performance factor for this 
simulated day is higher for the sets without storage tank. 

 

Figure 5:Tambient, Q0 and COPel for TCW V TANK and TCW V NOTANK  for the hottest day of the year 
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On the other hand, it can be observed that for the simulated day the sets including an storage tank 
present always a better thermal performance that those without it. The control strategy used, 
however, show no influence on the thermal performance factor under this weather conditions. 

If the NRPE is used as a choice criteria for the best set and control strategy under this conditions, it 
becomes clear than the combined control strategy without storage tank is the best option. This is a 
consequence of the high electricity consumption for all options and the values taken for the primary 
energy factors. In this way, the system sets saving more electrical energy are more efficient in 
terms of primary energy. The primary energy consumptions of the system changes with the chosen 
boundary conditions.  For this reason the values using the conditions for two cities with similar 
weather conditions but different primary resource factors for district heating (because of waste 
incineration in the case of the Dresden) are presented. If it is considered that for a conventional 
system based on a mechanical compression chiller with an Energy Efficiency Ratio of 2,8 
(EER=2,8) an NRPE value of 0,893  is obtained in both cases, all simulated cases would obtain 
primary energy savings in Dresden but none of them in Berlin. 

The simulations of the plant performance on a cold day in winter show similar thermal  but different 
electric performance factors than those obtained in summer. 

 

Table 8: Main performance figures of different sets for a simulated cold day in winter 

 

Again the systems working with a storage tank present better thermal performance factors than 
those not including it. This seems to be regardless from ambient conditions and due to the fact that 
systems working with an storage tank run the TDC with higher average chilled water temperatures, 
what it is beneficial for the thermal performance of the TDC. In this simulated case not only the 
thermal, but also the electrical performannce is better if a storage tank is included. With a storage 
tank present, the operation of the plant changes to an ON/OFF operation of the TDC, that works at 
high cooling loads until the tank is full. 

Figure 6: COPel and Q0 of sets with storage tank for a cold day in winter 

SET
TDC thermal  performance factor 0,700 0,737 0,700 0,745 0,699 0,745
Plant thermal  performance factor 0,654 0,697 0,654 0,704 0,652 0,704

TDC Electric performance factor 19,71 22,75 15,25 22,81 18,59 22,80
Plant electric performance factor 9,94 10,90 8,59 10,88 9,65 11,36

NRPE  with Berlin conditions 1,12 1,04 1,16 1,04 1,13 1,03
NRPE with Dresden conditions 0,56 0,52 0,60 0,51 0,57 0,50
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As it was mentioned above, the electrical performance of the TDCs working with high cooling loads 
is better if ambient temperatures are low. Because of that system sets including a storage tank 
work for this simulated winter day with a better electrical performance factor that those working 
without it. Here sets with higher cooling loads show a better electrical COP, as figure 4 shows. It 
also show how the control strategy for optimised electrical COP works mostly correctly, even for 
lower cooling loads. 

Looking at the values for the NRPE it is clear that the system set with the new control strategy 
combining variable cooling water temperature and trying to optimise the electrical COP and that 
includes a tank work shows the better performance under this conditions. Systems with storage 
tank show in general a better performance that those non including it for a cold day in winter. 

However, even having better electrical COPs in winter operation  it is not possible to achieve 
Primary Energy savings in Berlin. With the assumed boundary conditions and given thermal COP 
of the best system set   ( 0745 for TCW V+OptVO  NOTANK) an electrical performance factor for 
the plant of at least 24 should be achieved, which seems almost impossible to  do with the existing 
components (due to high  power consumptions at rejected heat pump and fan coils mainly). 
However, calculating NRPE with parameters of the district heating network of Dresden we will 
always obtain primary energy savings. 

Conclusion 
Depending on ambient conditions, the inclusion or not of a chilled water storage tank can lead to 
better electrical performance of the district heating driven cooling plant. The cold storage tank 
forces the TDC to work with higher cooling loads, and though the electrical performance will be 
better for low ambient temperatures and worst for high ambient temperatures in comparison with a 
system not including an storage tank. The systems with cold storage tank will work on the other 
side always with higher thermal performance factors, due to higher cooling demands and higher 
average chilled water temperatures. 

Controlling the cooling water temperature in order to control the chilled water temperature at the 
outlet of the TDC seems to improve in general the electrical performance of the TDC against a 
strategy of maintaining a constant cooling water temperature. For the simulated plant, only for low 
ambient temperatures and a set without chilled water tank seems to be better to have a constant 
cooling water temperature at the outlet of the cooling tower, and mix it with cooling water from the 
outlet of the TDC. This particular case is due to the relationship of electric consumption between 
rejected heat pump and dry cooler. In a new developed strategy, the optimal relation for mixing rate 
and cooling tower temperature has been approximated, obtaining again improvement in the 
electrical performance of the plant. Additionally, if a chilled water storage tank is present, a strategy 
trying to run the chiller for the cooling load that optimizes the electrical performance has been 
developed, showing satisfactory results. 

In conclusion control strategies with variable cooling water temperature and optimal power 
consumption at the rejection heat circuit have shown the best performance. For low ambient 
temperatures better performances are achieved if a chilled water storage tank is included, but the 
inclusion of the tank makes no sense when the system is working continuously with very high 
ambient temperatures, and the cooling capacity of the TDC is limited. 

Thermal performance factors up to 0,732/0,697 for TDC/Plant have been simulated for the hottest 
day of the year. For a cold day in winter these values can be increased up to 0,745/0,704. The 
simulated electrical performance factors for the hottest day of the year were below 11,1/7,1 for 
TDC/Plant. In winter the simulated values of these figures can grow up to 22,8/11,36. High electric 
consumption in fan coils explain the big difference between TDC and plant electric performance 
factors, The considered boundary conditions determine if the plant is able to achieve or not primary 
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energy savings. 

4.3 System performance evaluation of different control strategies to 
manage cold storage tank 

Approach 
In order to improve the CHCP plant efficiency a relatively big cold water storage tank (1000 litres) 
has been installed and a control strategy that runs the CHCP plant when the outdoor temperature 
is as low as possible has been implemented. The aim is to take advantage of having cool 
mornings, store cooling energy when the outdoor temperature is below 24ºC and use that stored 
energy when the outdoor temperature is higher than 32ºC. With this strategy the TDC system 
works at more favourable conditions and the overall efficiency of the plant can be improved.  

The plant has been simulated for summer season in different loads and climate conditions (Vitoria, 
Madrid, Zaragoza and Seville) by TRNSYS simulation program. Two parameters have been 
studied: the primary energy consumption and the number of hours of discomfort (number of hours 
when indoor temperature is above 27.5ºC, that is the set-point temperature, 26ºC, plus 1.5ºC of 
dead band). 

For primary energy consumption calculation, an energy content factor of electricity of 2.63 has 
been considered and for natural gas, a factor of 1.05. That means that for each kWh of electricity 
consumption there is 2.63 kWh of primary energy consumption, and for each kWh of gas natural 
consumption there is 1.05 kWh of primary energy consumption. 

The system has been compared with a conventional plant that uses electricity from the grid and 
has a compression chiller with a COP of 3, and a 90% efficiency boiler for DHW.  

The building is an office, southwest oriented with an area of 128 m². It has 52m2  of southwest 
external wall with 7m2 of windows and all of the rest walls are next to offices with the same thermal 
performance (boundary to identical zones: no thermal losses, no thermal gains ).It is considered a 
constant air infiltration of 0.2 air change hours. In order to use the excess heat (always exist an 
excess heat because the CHP provides a constant thermal capacity of 12.5 kW and the maximum 
thermal driving capacity of the TDC is 11 kW) a high DHW consumption is considered, a daily 
DHW consumption of 200 litters/min from 19 p.m. to 19:10 p.m. 

Using the “energy rate” method in type 56 simulation model, where the temperature set point is 
specified and the required energy is calculated to keep the zone at that condition, the cooling 
demands are calculated to keep the office at 26ºC from the 1st of May to 31st September in working 
hours in different climatic zones. The cooling demands are 2010 kWh for Vitoria; 2730kWh for 
Madrid; 2835 kWh for Zaragoza and 3351 kWh for Seville.  

The micro-CHCP concept under study is integrated by a Senertec DACHS HKA G5.5 cogeneration 
unit as CHP and a Rotartica 045 rotary absorption machine as TDC. The nominal electricity 
capacity of the CHP is 5.5 kW and the thermal capacity is 12.5 kW. The CHP is fed with natural 
gas, its electrical efficiency is 26.8% and its overall efficiency is 88%. The heat of this internal 
combustion engine is used to drive the Rotartica unit to produce cooling for summer. The cooling 
capacity is 4.5 Kw and it has a COP of 0.62 when the driving temperature is 90ºC, re-cooling 
temperature is 35ºC and the chilling temperature outlet is 12ºC.  
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Figure 7: the schematic hydraulic diagram: the red lines belong to driving circuit, blue ones to 
distribution circuit, purple ones to rejection circuit and yellow ones to primary DHW circuit. 

The model has been run with 4 different control strategies that all of them operate from Monday to 
Friday from 7 a.m. to 7 p.m.: 

Control strategy number 1: two parameters for the control:  external temperature and cold 
tank temperature. If the external temperature is below 20ºC the plant is shut down. If the external 
temperature is between 20ºC and 24ºC and the cold storage temperature is below 15ºC, then the 
TDC is cooling the office. If the external temperature is between 20ºC and 24ºC but the cold 
storage temperature is above 15ºC, then the TDC is cooling the cold storage tank until it reaches 
8ºC.If the external temperature is between 24ºC and 32ºC, then the TDC is cooling the office. If the 
external temperature is above 32ºC and the cold storage tank temperature is below 15 ºC, then the 
plant is cooling the office by the energy stored in the tank and the TDC system is off. But with 
external temperature above 32ºC, when the temperature of the tank reaches 15ºC all the plant is 
shut down.  

Control strategy number 2: Control variables: office temperature, external temperature and 
cold tank temperature. The tank has priority prior than the office. If the external temperature is 
below 20ºC the plant is shut down. If the external temperature is between 20ºC and 24ºC, if the 
cold storage temperature is below 15ºC and if the office temperature is above 26ºC, then the TDC 
is cooling the office. But if the external temperature is between 20ºC and 24ºC and if the cold 
storage temperature is above 15ºC, then the TDC is cooling the cold storage tank until it reaches 
8ºC.If the external temperature is between 24ºC and 32ºC and if the office temperature is above 
26ºC, then the TDC is cooling the office. If the external temperature is above 32ºC, if the cold 
storage tank temperature is below 15 ºC and if the office temperature is above 26ºC, then the plant 
is cooling the office by the energy stored in the tank and the TDC system is off. But with external 
temperature above 32ºC, when the temperature of the tank reaches 15ºC, even the  office 
temperature is above 26ºC, all the plant is shut down.  

Control strategy number 3: Control variables: office temperature, external temperature and 
cold tank temperature. The same than control strategy number 2 but office has priority over 
the tank. If the external temperature is between 20ºC and 24ºC and if the office temperature is 
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above 26ºC, then the TDC is cooling the office, independently of the tank temperature. For the 
same external conditions (temperature is between 20ºC and 24ºC), only if the office temperature is 
below 26ºC and if the cold storage temperature is above 15ºC, then the TDC is cooling the cold 
storage tank until it reaches 8ºC.  

Control strategy number 4: Without cold storage tank and two control parameters: external 
and office temperatures. If the external temperature is below 20ºC the plant is shut down. If the 
external temperature is between 20ºC and 32ºC and if the office temperature is above 26ºC, then 
the TDC is cooling the office. If the external temperature is above 32ºC, even the office 
temperature is above 26ºC, all the plant is shut down.  

Results 
The energy stored in the cold tank resulted to be very small compared with the total cooling energy 
produced by the TDC. The tank is a water tank of 1000 litters and its maximum energy storage 
capacity is very low: 8.13 kWh. ((15ºC-8ºC) x 4,18 kJ/(ºC kg) x 1000 kg). In Vitoria as the stored 
energy is never used it is not worth to store energy, even the storage capacity is higher. But in 
Seville, a bigger storage tank (i.e. a PCM storage) with higher energy density could open more 
possibilities to this strategy. 

In the following graphs, the impact of the strategy can be evaluated by seen that the positive 
impact of storing cold energy in the mornings is very low, as the stored cooling in the tank is very 
low (from 3 to 13%, fig. 1).  

 

Figure 8: the stored cooling energy percentage of the total cooling energy provided by the TDC with different 
control strategies and for different climatic conditions. In the fourth control strategy, as there is not storage 

tank, there is no energy either. The values are quite low: between 3 and 13 %. 

In the cases studied the primary energy consumption for summer season (from the 1st of May to 
31st September) is always higher than the primary consumption of the conventional plant. In the 
primary energy consumption is also included the electricity consumed by all the components of the 
plant. Due to the high electricity consumption the primary energy consumption is high. 
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Figure 9: Primary energy consumption including the electricity consumed by all the components. 

 

Conclusions 
It is not worth to store the cooling energy in a 1000 litters water storage tank when the outdoor 
temperatures are low (between 20 and 24 ºC) in order to used it when the outdoor temperature is 
above 32ºC in the climatic conditions of Vitoria, Madrid, Zaragoza or Seville.  

The energy storage capacity is small and the results have shown no difference in the use of the 
tank at different cooling loads in the same climatic conditions. When the tank is discharged, is 
completely discharged, even when the cooling load is lower. The cooling load could affect the 
management of a cold tank when the cooling energy storage capacity is higher. The improvement 
of the installation performance is mainly limited by the tank size.  

Comparing the simulated plant with a conventional plant there is no primary energy saving in the 
summer period of the CHCP. It is estimated that it is necessary to improve the overall electrical 
COP of the plant to a value in the range of 7 and to improve the electrical efficiency of the CHP to 
a value of 29%. With this values the primary energy saving is between 1 and 5% depending on the 
control strategy and climatic condition. 
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4.4 System performance evaluation of distributed TDC with centralised 
CHP 

Background 
A performance evaluation study has been made for a TDC driven by district heat from a network 
supplied by a centralised CHP fired with municipal waste. This is the demonstration system SP1b 
from the PolySMART project, for which a schematic is shown in Figure 1. It is a very simple system 
that provides pre-cooling to an existing cooling system with a 200 kW compression chiller 
supplying cold to the head office of the municipality of Borlänge via six air handling units. The TDC 
is a chemical heat pump that operates with batch charge-discharge cycles. It has two units to be 
able to supply quasi-continuous cooling and incorporates a switching unit so that the external 
circuits can be connected to the charge/discharge units as required.  The recooling is achieved 
with a dry cooler and there are heat exchangers in the driving and cooling. The TDC has a cold 
storage capacity of ~25 kWh and charge-discharge cycle times of 4-8 hours depending on 
conditions. Two versions of the TDC were analysed: the 4th generation as installed in the SP1b 
system, and a 5th generation as was installed in the SP1a. The 5th generation is the one currently 
sold (2010). 

The main aims of this simulation study were to: reduce the electricity consumption, and if possible 
to improve the thermal COP and capacity at the same time; and to study how the system would 
perform with different boundary conditions such as climate and load. 

 

 

Figure 10: Schematic of SP1b system with TDC driven by district for pre-cooling of existing cooling system.  

Approach 
The system was modeled in TRNSYS using standard components for the heat exchangers and dry 
cooler, and with a specially developed grey box model for the chemical heat pump. The load and 
district heat supply were not modeled explicitly, rather were derived either as constant values or as 
a correlation based on the monitored data from the system. The system supplies cold at maximum 
available capacity, but the cooling system is only turned on when the ambient temperatures is 
above the balance temperature of 13°C and during the hours of 06 and 17 on office days. These 
are the same conditions as for the monitored system. 

The calibration of the system model was made in three stages: estimation of parameters based on 
manufacturer data and dimensions of the system; calibration of each circuit (pipes and heat 
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exchangers) separately using steady state data points; and finally calibration of the complete 
model in terms of thermal and electrical energy as well as running times, for a five day time series 
of data with one minute average data values. All the performance figures were with 3% of the 
measured values apart from the running time for the driving circuit that was 4% different. However, 
the performance figures for this base case system for the complete cooling season of mid-May to 
mid-September were significantly better than those for the monitoring data. This was attributed to 
long periods when the monitored system was not in operation and due to a control parameter that 
hindered cold delivery at certain times. 

Using the calibrated base case, a variety of parametric studies were performed, such as using high 
efficiency pumps, later version of the TDC, as well as variations in the boundary conditions such as 
load and climate. The performance figures that were calculated and analyzed were the main 
energy quantities (thermal and electrical) as well as thermal and electrical COP. No non-renewable 
primary energy savings or CO2 savings were calculated as the district heat network supplying the 
TDC has a primary energy factor of 0 as municipal waste is fired in the CHP together and the rest 
of the heat is surplus heat from industry.  

 

Results 
The reference system defined for SP1b is the existing compression chiller that has an estimated 
COP of 2.7. Thus electrical energy savings are only possible from the CHCP system if the TDC 
has an electrical COP higher than this. The results show that, for the SP1b boundary conditions, 
the installed system cannot reach this level, even if high efficiency pumps replace the existing ones 
(see Table 1). Optimising the operating conditions of the dry cooler fan, by reducing the set point 
for the return temperature from the dry cooler from 27 to 24°C, does increase the electrical COP 
but only by 4% (relative). If the TDC is replaced by the latest version of the chemical heat pump 
technology, 5th generation, then an electrical COP of 5.27 can be achieved (5G HEP). This is 
mainly due to the greatly reduced electricity use in the TDC itself, but also due to reduced pump 
power caused by reduced pressure drops. The fan energy is more or less the same. However, the 
5G HEP system has a much poorer thermal COP, under 0.3 on a system level. Reducing the flow 
rate for the 4G HEP system did not improve the electrical COP of the system as the reduction in 
electrical energy was offset by a larger decrease in the delivered cold. 

Table 1: Performance figures for the SP1b system and boundary conditions for the installed system (4G), the 
installed system but with high efficiency pumps (4G HEP) and for a system with the high efficiency pumps 
and the latest version of the TDC (5G HEP). 

  COPth,TDC 
[‐] 

COPth,sys 
[‐] 

COPel,TDC 
[‐] 

COPel,sys 
[‐] 

QDH 

[kWh] 
QCdn 

[kWh] 
EOthercircits 
[kWh] 

ETDC 
[kWh] 

EHr 
[kWh] 

4G 0.568 0.447 4.56 2.13 4434 1982 345 414 163 
4G HEP 0.568 0.447 4.56 2.64 4434 1982 174 414 163 
5G HEP 0.378 0.297 22.97 5.27 5641 1677 106 48 165 

 

The results from the other parametric studies showed that the system performance figures can 
only be significantly improved by changing the boundary conditions for the system. Increasing the 
driving temperature from the relatively low value of 77.7°C of the SP1b site improved the thermal 
and electrical COP as well as delivered cold energy, and that this effect was more pronounced for 
the 5th generation of the TDC that is designed for higher driving temperatures. Similarly an 
increase in the operating temperatures in the cooling circuit also results in improved performance 
figures.  

The biggest improvements were achieved by significantly increasing the running time for the TDC, 
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and hence delivered cold. This essentially means that the load is different. If the balance 
temperature for cooling, the ambient temperature above which cooling is required, is reduced, then 
there are improved values for the performance figures. The largest increase occurs however, when 
the system can deliver cold at any time of day on any day (24/7) operation, still with the restriction 
that the ambient temperature has to be above the balance temperature. This is due to the fact that 
the 4th generation TDC has high electrical use for internal pumps 24/7, while the 5th generation has 
higher internal thermal losses, leading to significant thermal losses of stored cold when the TDC is 
in standby. 

In order to show this, three different cases of boundary conditions were defined: 

1. Base case with optimized electrical performance, as shown in Table 5 - 591 operating 
hours. 

2. As 1, but with cold delivery possible at any stage during the day, every day (24/7) – 1431 
operating hours. 

3. As 2 but with the temperature from the district heating network at 90°C instead of 77.7°C, 
the return from the cold supply based on 14°C instead of 13°C, and for a balance 
temperature of 10°C instead of 13°C – 1814 operating hours. 

Figure 211 shows the results for these three cases (upper figures) and for the 3rd case for different 
climates (lower figures). The results show that for the 4th generation TDC, the boundary conditions 
affect the delivered cold and electrical COP most and that the electrical COP can be at least twice 
that of the reference system’s 2.7. For the 5th generation TDC, all three of the performance figure 
shown in the diagrams are increased significantly between case 1 and 3. For both generations, a 
hotter climate leads to an increase in the delivered cold at the cost of a slightly reduced electrical 
COP. The thermal COP is more or less independent of the climate. 
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Figure11: Delivered cold (QCdn), thermal and electrical COP for the system (COPth,sys and COPel,sys) for three 
different cases (upper figures), and different climates (lower figures) for the 4th generation (left) and 5th 
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generation (right) TDC’s. 

Conclusion 
Two different version of the chemical heat pump used in the demonstration system SP1b have 
been simulated for the same boundary conditions. The results show that for the 4th generation 
system, as installed originally, the electrical COP is very low and that only improved boundary 
conditions can result in significantly larger values than the COP for the reference chiller of 2.7. The 
5th generation TDC has much better electrical COP than the 4th generation, but has a much lower 
thermal COP. For both it is important to have long running times, with a driving temperature of at 
least 90°C.  
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5 Conclusions 

Based on a survey in the PolySMART consortium, a long list of available simulation platforms is 
identified. For each simulation platform, specific characteristics are described. It was decided that 
TRNSYS will be used for System Performance Evaluation and Modelica for Control Strategy. For 
Operational Strategy issues, for each specific case the most suited simulation platform should be 
used (Either Modelica of TRNSYS). 

Next, for most components in the PolySMART subprojects, a specific component model has been 
developed. All thermally driven coolers are modelled and most other components in the CHCP 
systems. For all components an overall subsystem description is available, in which the working 
principle of the TDC and associate components is explained. Next, the specific charactheristics of 
a specific component are described, including input and output parameters and modelling principle. 
Also, in some cases the effects of control strategies on performance of componens is assessed. 
Finally, of each modelled component, the modelling limitations are discussed.  
 
A subsystem model for the commercial version of the ClimateWell TDC, solarchiller, the fifth 
generation of the technology, was developed and validated within Polysmart. ClimateWell has now 
integrated this model into its design and planning tool. This tool is used primarily for designing and 
sizing solar heating and cooling systems, and includes a complete simulation model of the system, 
heat/cold distribution and also the building. It is used for discussing possible solutions for 
customers as well as for in-house design and planning. They have also used identified parameters 
for a new prototype version of their chiller with larger capacity. 
 
Finally, for four CHCP systems in the PolySMART project, a system simulation model has been 
developed. In these cases, the entire CHCP system is modeled, with all its components. Also, 
control strategy is part of the system simulations. A system evaluation consists of a detailed 
description of each component, but also interaction between components, and the effect on system 
performance. For each system simulation a separate deliverable is available (D5.5b to D5.5e) 
These deliverables replace deliverable 5.4 ‘system models’. From the system simulations, 
interaction between component models can be studied and system effiencies can be determined. 
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1 Summary 
A performance assessment study has been made for a number of micro combined heating, cooling and power 
(CHCP) systems in residential buildings in the hot climate of Madrid, Spain.  

The performance in terms of non-renewable primary energy (NRPE) demand and of CO2-equivalent (CO2-
eq) emissions was analysed for a natural gas fuelled solid oxide (SOFC) based CHCP system and was 
compared to a reference system which comprises a gas boiler, mechanical chiller and electricity supply from 
the grid. An internal combustion (ICE) based CHCP system and a ground source heat pump (HP) system, 
where the ground source was used also as a heat sink for free cooling, were also analysed for comparison.  

The systems were integrated in multi family residential houses of three different insulation levels named low, 
medium, high space heating (SH) demand building. Two different electricity generation mixes were 
considered: average European according UCTE (Union for the Co-ordination of Transmission of Electricity) 
and electricity generated purely in state of the art combined cycle power plants (CCPP). The simulations 
were conducted for the climatic conditions of Madrid (Spain) and for three different domestic hot water and 
electric demand profiles. The whole-building simulation tool TRNSYS was employed for detailed 
simulations and an EXCEL based energy balance model for simplified simulations. 

The dynamic cogen device models developed within IEA Annex 42 (Beausoleil-Morrison 2007) were 
applied for the detailed system simulations. The SOFC based cogen device model was calibrated with results 
of a detailed fuel cell system model, comprising individual models for the SOFC stack and balance of plant 
components (Kazempoor, 2009). This SOFC model was specifically developed for this purpose.  

The resulting NRPE demands from the detailed and the simplified models were compared for cases with 
different ratios of annual thermal energies (heat output CHP vs. total heat demand incl. heat demand for 
TDC). The difference between the two models was in most cases in the range of 5 to 10 %. Therefore the 
simplified model was considered to be useful for sensitivity analysis of CHP and TDC device capacities. 
This analysis has been done for two different fuel utilization rates of the SOFC device (M1 and M2), two 
different values for the COP of the TDC and for the two grid electricity mixes (CCPP and UCTE). The 
results showed a substantial influence of the grid electricity mix on these sensitivities. The COP of the TDC 
and the internal fuel utilisation of the SOFC showed a medium and low influence respectively. In case of 
CCPP electricity mix the NRPE demand was always increasing with higher TDC capacities. i.e. considering 
NRPE demand, cooling with TDC cannot be recommended in case of CCPP grid electricity mix. This was 
different in case of UCTE grid electricity mix. Here the NRPE demand was either increasing or decreasing 
depending on the capacity and the fuel utilisation rate of the SOFC CHP and the COP of the TDC.  

Results from detailed simulations were used for detailed comparison of the investigated systems. The 
potential of the SOFC systems for savings in both NRPE demand as well as CO2-eq emissions was clearly 
demonstrated. In the case of UCTE electricity grid mix the SOFC was the most favourable system. NRPE 
demand savings in the range of 37 to 39 % could be achieved in the low and medium SH demand buildings 
and up to 62% in the high SH demand building. The resulting reductions for the CO2-eq emissions were in 
the range 21 to 23% for the low and medium SH demand buildings and 35% for the high SH demand 
building. In case of CCPP grid electricity mix a maximum NRPE demand and CO2-eq emission reduction of 
20 % resulted. The influence of the fuel utilization rate of the SOFC device was not significant. Due to the 
higher electric efficiency and the modulating capability, the amount of electricity generated by the SOFC 
systems was two to three times higher than by the ICE cogen device. Therefore the achieved savings with the 
ICE CHP were much smaller: 1 to 4% NRPE demand and CO2-eq emissions reduction in case of CCPP grid 
electricity mix and 17 to 20% NRPE demand and about 10 % CO2-eq emissions reduction in case of UCTE 
grid electricity mix. 

Comparing the SOFC cases with TDC and the cases without TDC but with a mechanical chiller, it can be 
concluded that with the presence of a TDC a small increase of the CO2-eq emission resulted in all cases 
independent on the SH energy demand level of the building or the grid electricity mix assumed. In terms of 
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NRPE demand this is different: Only if UCTE grid electricity mix was used a small saving was achieved in 
the high SH energy demand building. In the two other buildings the NRPE demand was equal with and 
without TDC. In case of CCPP grid electricity mix the NRPE demand was always higher with TDC.  

The HP system was not used in the high SH energy demand building due to the high temperature distribution 
system installed. In the low and medium SH energy demand building the HP system was the most favourable 
system in terms of NRPE demand and CO2-eq emissions in case of CCPP grid electricity mix. The NRPE 
demand and CO2-eq emissions savings compared to the reference system were 23% and 27% respectively in 
these two buildings.  

As a general conclusion of the current study it can be stated: 

Depending on the grid electricity mix and the SH energy demand of the building either the investigated HP 
system or the SOFC based CHP system can offer the highest NRPE demand and CO2-eq emission savings. 
Only in a few cases the electrical efficiency of the SOFC device was high enough to achieve an additional 
NRPE demand saving if TDC is used for space cooling. This could be achieved in even more cases if higher 
maximum electrical efficiencies of up to 60 %, as announced in a recently presented SOFC device, will 
become state of the art. However, it has to be carefully investigated in each individual case depending on the 
performance characteristic and the size of the SOFC cogen device, the COP and the size of the TDC and the 
grid electricity mix whether CHCP with a TDC is able to further reduce the NRPE demand and CO2-eq 
emissions or not. 
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2 Introduction 
2.1 Motivation 
Reducing greenhouse gas emissions in the building sector to a sustainable level will require tremendous 
efforts to improve both energy performance and the share of energy produced by renewable sources. It is 
widely accepted which demand side measures are important (including improvement of fenestration, thermal 
insulation, ventilation heat recovery and air tightness in the building envelope). However, wide-ranging 
options exist on the supply side for the combined provision of electricity, heat and coolth and the integration 
of renewable energies  

One option is combined heating, cooling and power generation (CHCP), where oil and gas boilers are 
replaced by building-integrated micro-cogeneration (MCHP) units. The “waste” heat from electricity 
generation is thereby fully utilised for space and domestic hot water heating and for space cooling with the 
help of thermally driven cooling devices (TDC). Micro-cogeneration systems with internal combustion 
engines and Stirling engines are available on the market. Though still not ready for market entry, fuel cell 
systems are a focus of interest due to their potential for high electrical efficiency, low emissions and low 
noise. A special concern in this context focus on solid oxide fuel cell (SOFC) systems as natural gas can be 
used with this technology by internal reforming and high exhaust gas temperatures promote high heating 
water temperatures which is a precondition for TDC. 

Micro-cogeneration fuel cell systems face a highly competitive environment that encompasses traditional 
heating systems such as condensing gas boilers or heat pumps and renewable energies - solar thermal and 
photovoltaic systems and biomass heating systems. 

2.2 Purpose and objectives of this report 
The general purpose of this PolySMART WP5 system performance evaluation (SPE) study was to analyze 
the performance of SOFC based CHCP systems in terms of energy demand and emissions in residential 
multifamily buildings with different insulation levels.  

The interaction of the cogeneration unit with the other components of the CHCP system (e.g. TDC device, 
hot and cold water storage) was analysed by computer simulations, using the models developed in IEA 
Annex 42, and evaluated in terms of selected criteria, namely primary energy demand and CO2 emissions. 
Different types of residential buildings featuring standard hot water and electricity demand load profiles are 
considered, and compared with reference systems comprising traditional energy supply systems. Based on 
these results, conclusions in terms of CHCP systems and CHP and TDC unit sizing, storage configurations 
and control strategies are derived. 

The study focuses mainly on hot climate conditions with substantial cooling demand also in residential 
buildings. 

In short, the objectives of this performance evaluation study are to: 
 quantify the performance of SOFC based CHCP systems in terms of energy and emissions, 

and compare to conventional systems 
 determine and show sensitivities and identify the most influential parameters 
 document the successful elements of individual CHCP configurations  
 identify promising application fields for SOFC based CHCP systems 
 demonstrate application potential of models and building simulation tools developed 

2.3 Scope 
The performance evaluation task concentrates on decentralized, building-integrated energy supplies in the 
residential sector. The focus is on the performance of CHCP systems in their interaction with the building 
and occupant loads in terms of control and energy management. 
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The supply chain from primary energy to delivered energy is considered in terms of primary energy factors 
and in terms of emission factors (see Table 12). 

This performance evaluation study does not cover topics of quality of electric power supplied to the grid, 
power quality management, the control and power management aspects of a cluster of cogeneration devices 
(virtual power plant). 

Also not within the scope of this study is an in depth technological analysis and assessment of the different 
products e.g. in respect to installation, start-up and shut-down procedures, operation and maintenance. It is 
also outside the scope of this work to optimize individual components and the respective control within a 
cogeneration device. 

This study specifically avoided addressing criteria for economic viability because most 
cogeneration units analyzed are currently at the prototype and early deployment stages, and so, 
the eventual costs of these units were hard to predict. The technologies’ economic viability is very 
dependent upon the cost of fuel (gas and electricity), which is currently in a state of flux in Europe. 
Fuel price increases may make technologies such as micro-power more attractive, but for example 
the electricity/gas price differential is also crucial. Only with demonstrable environmental benefits 
from new domestic energy technologies also economic arguments are relevant when considering 
the installation of such systems in residential buildings. 

Therefore, also dynamic energy prices are not considered in the performance assessment of 
control strategies and algorithms, and also the development and assessment of dynamic price 
strategies and policies is out of scope of this study. 

2.4 Target audiences 
This report is aimed at the following readership: 

 engineers and researchers involved in energy system analysis and HVAC design 
 manufacturers of cogeneration and TDC devices who want to analyze potential applications 

and performance of their products 
 energy supply and contracting companies who want to gauge the potential for residential 

polygeneration and with a view to assessing their impact on the electricity supply network  

2.5 Introduction to the content of the report 
Section 4 gives definitions, particularly with respect to energy, and describes performance 
assessment procedures used in this study. Section 5 outlines the performance criteria used. 
Sections 6 to 10 describe the different elements of the cases studied: Climate conditions, buildings 
analyzed, external energy supply, systems analysed. Section 12 gives an overview of all cases 
and configurations analyzed.  The results and the conclusions of the simulations are given in 
section 12 and 13. In appendix a) the simplified model based on hourly steady state heat balance 
is described in detail. Appendix b) lists the TRNSYS Types used to model the building and system 
components, appendix c) the model parameters of some used TRNSYS Types and appendix d) 
shows the TRNSYS Simulation Studio model configurations of the simulated cases.  
. 
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3 Nomenclature and symbols 
 

Symbols Description  

CCPP Combined cycle power plant  
CGD Cogeneration device  
CHP Combined heat and power  
CHCP Combined heating, cooling and power system  
CO2-eq CO2 equivalent emission  
COP Coefficient of performance  
DHW Domestic hot water  
ERFA Energy reference floor area  
GB Gas boiler  
GS Ground source (sink)  
HP Heat pump  
HT High temperature  
ICE Internal combustion engine  
LHV Lower heating value  
LT Low temperature  
MC Mechanical chiller  
MFH Multi family house  
NRPE Non renewable primary energy  
SC Space cooling  
SFH Single family house  
SH Space heating  
SOFC Solid oxide fuel cell  
SPE System performance evaluation  
TDC Thermally driven chiller or  thermally driven cooling  
UTCE Union for the Co-ordination of Transmission of Electricity  
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4 Performance evaluation procedure 
The used performance evaluation procedure was adopted from Dorer (2007).  

4.1 Types of performance assessments 
The following analysis types were applied within this study: 

- Energy analysis 
- CO2 emission analysis 

4.2 Performance assessment procedure 
The energy analysis involved the following steps: 

1) Building simulation analysis produced values for energy demand and, by simulation of the 
building integrated generation systems, the demand for delivered energy for the building. 

2) Primary energy consumption was derived in a post-processing analysis, based on the 
calculated value for the demand of delivered energy. 

3) Further post-processing to calculate emissions based on the energy demand values. 

These individual steps are detailed in the following chapters. 

4.3 Modelling approach for system simulation 
Different modelling levels are possible for the performance assessment of polygeneration systems. On one 
hand simplified approaches based on steady state energy balances are easy to use but have a lack of 
accuracy. On the other hand detailed and transient models of system and building offer accurate results of 
energy performance and system operation but require a substantial larger effort for building up the model. 
Also the simulation run time is high and for sensitivity analysis, parameters such as the size of the cogen or 
the TDC device cannot easily be automatically varied as this also often implies changes in the operation 
strategy of the system. In the following the differences between the two models are described in more detail. 

4.3.1 Simplified model based on hourly steady state heat balance (EXCEL tool) 
A simplified model was developed within the project and implemented in MS Excel. It is basically a steady 
state energy balance of the system based on the hourly load profiles of space heating, cooling, DHW and 
electricity (Kräuchi and Dorer, 2008). This energy balance uses constant efficiencies based on either the 
nominal values or estimated mean values for the CGD, the TDC, the auxiliary gas boiler and chiller to 
estimate the hourly fuel consumption and the electricity drawn from or exported to the grid.  

The load profile data of space heating and cooling (SH and SC) demand was produced with the dynamic 
building model implemented in TRNSYS. Two cases have been considered. In the first case the influence of 
the heat and coolth emission was not taken into account. i.e. ideal control of the room temperatures 
according to the described set points was assumed. This corresponds to the result of a load simulation with 
any building simulation program. It is the assumed profile which a user of the simplified model normally 
would be able to provide. In the second case the SH and SC load profiles were taken from the detailed 
modelling described in the next section. The comparison of these two cases will reveal the influence of the 
load modelling on the results. 
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4.3.2 Detailed dynamic modelling with TRNSYS 
In the detailed model the building and the system was coupled, using models for the heat and cold emission 
devices and the room temperature control. Thus the reaction of the demand on a possible shortage in heat or 
coolth delivery is taken into account within the following time steps. This way also correct supply and return 
flow temperatures result and therefore there influence on the thermal efficiencies of the devices can be taken 
into account. Also possible additional cooling loads due to condensation in the fan coil are taken into 
account. The system model includes detailed models of the CGD, the TDC, cooling tower, the storages for 
heat and chilled water and the control. 

4.4 Energy analysis 

4.4.1 Energies considered 
Three types of energy were considered for the assessment of the energy consumption: 
 Net energy demand (energy used to cover the demands for space heating and cooling, for 

domestic hot water, and for electricity) 
 Delivered energy (energy delivered to the building as fuel or electricity) 
 Primary energy 
o Renewable / non-renewable primary energy (NRPE) 
o Fossil energy / non-fossil energy 
Total primary energy demand values are differentiated into primary energy demand for 
delivered grid electricity and for the fuel. 

From the environmental standpoint, fossil and/or non-renewable energies have to be considered. Fossil 
energy is related to the CO2 emission criteria. The aspect “renewable/non-renewable” focuses mainly on 
wind and hydro vs. nuclear power generation, and on the use of solar heat or electricity. 

Energy conversions delivered to from primary energy are considered by factors in the post processing of the 
simulation results. 

4.4.2 Reference and units for energy values 
In this WP5 study, delivered and primary energies are related to the energy reference floor area (ERFA) of 
the building. The energy values are thus expressed in MJ/m2, or MJ/m2/a for annual period. 

The energy reference floor area is based on external dimensions and considers all (also indirectly) heated 
spaces of the building.  

4.4.3 Amendments to energy definitions 
5.1.1.1 Net energy demand for space heating and for domestic hot water 
The net energy demand for space heating is Qh according (ISO 13790), in our terms called the (annual) net 
energy for space heating. 

5.1.1.2 Electricity demand for heat distribution and distribution heat losses 
The electricity demand of the pumps for the heat distribution within the building analyzed is assumed to be 
quite similar for both the CHCP and the reference systems. As the focus in this study is the comparison of 
the performance of the CHCP systems with the reference systems, this electricity demand was not 
considered. This has been taken into account when an overall assessment of energy conversion and the heat 
distribution system is made. Heat losses for space heating or cooling distribution are also not considered. For 
domestic hot water, it is assumed that the heat demand equals the net energy for hot water (no distribution 
losses assumed). 
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5.1.1.3 Parasitic losses of the cogeneration system 
A part of the parasitic losses of the cogen system (radiative and convective skin losses incl. venting of heat 
from individual cogen system components for cooling purposes) may contribute to the internal heat gains of 
the building and thus reduce heating load or increase cooling load. In this study, these gains are not 
considered as the systems are assumed to be located in unheated rooms. Thus, the useful amount of the 
parasitic heat loss is not considered neither as an increase of the thermal output of the cogen device, nor as an 
additional cooling load, nor as an increase of the thermal efficiency of the system. 

5.1.1.4 Electricity demand 
It is assumed that the electricity demand equals the net electricity (no distribution losses within the 
building assumed). 
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5 Performance criteria and figures 
5.1 Energy performance criteria 

5.1.1 NRPE demand  
The performance criterion for the primary energy demand applied in this study is the non-renewable primary 
energy demand per reference floor area, as used during the simulation period by  

a) the CHCP system 
b) the production chain for fuel (emission factors see Table 12)  
c) the production chain for grid electricity (depending on the electricity generation mix) (Table 

12) 

5.2 Emissions analysis 
The performance criterion regarding emissions was the amount of CO2 equivalents emitted during 
the simulation period by 

a) the CHCP system 
b) the production chain for fuel (emission factors see Table 12)  
c) the production chain for grid electricity (depending on the electricity generation mix) (Table 

12). 

CO2 equivalents (CO2-eq) are a metric measure used to compare the emissions from various greenhouse 
gases (GHG) based upon their global warming potential (GWP). The global warming potential (GWP) is a 
factor describing the radiative forcing impact (degree of harm to the atmosphere) of one unit of a given 
GHG, as well as the decay rate of each gas (the amount removed from the atmosphere over a given number 
of years), relative to one unit of CO2. The GWP provides a construct for converting emissions of various 
gases into a common measure, which allows climate analysts to aggregate the radiative impacts of various 
greenhouse gases into a uniform measure denominated in carbon or carbon dioxide equivalents. The CO2 

equivalent for a gas is derived by multiplying the mass of the gas by the associated GWP. The table below 
compares the GWPs published in the Second and Third Assessment Reports of the Intergovernmental Panel 
on Climate Change (IPCC 2001). 

Table 2:  GWP factors for GHG according to Kyoto protocol (IPCC 2001) 

Gas Formula Relative GWP / CO2 
(100 years) 

Carbon dioxide CO2 1 
Methane CH4 23 
Nitrous dioxide (protoxyde) N2O 298 
Perfluorocarbons CnF2n+2 6 500 to 8 700 
Hydrofluorocarbons CnHmFp 140 to 11 700 
Sulfur hexafluoride SF6 23 900 
 

5.3 Technological analysis 
There is a wide range of possible topics for technological evaluations and assessments, such as efficiency 
issues, operation cycles, number of shut-downs, reliability issue and electric power quality.  

However, this WP5 study focuses on criteria that have a relation to, or an impact on, the energy and emission 
performance criteria set out above, such as the number of equivalent full load operation hours or demand 
coverage.  

The influence on energy use and emissions of the following technical issues were partially considered: 
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 length of start-up / shut down cycle, considering the transient behaviour of the system 
 temperature levels of heat supplied to space heating and DHW system, and respective 

limitations for heat supply temperatures 
 flow rates in water heat exchange system 
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6 Building types 
Residential multi family houses (MFH) building types with different insulation levels are specified for this 
simulation case study in PolySMART.  

The single family houses (SFH) specified in IEA SHC Task 26 and 32 respectively (hereafter referred to as 
T32 buildings) have been used as a starting point for the specification of the residential building type 
(Heimrath 2007). Those buildings had different insulation levels and were named after their heating loads 
(15, 30, 60 and 100 kWh/m2/a) for the reference climatic conditions of Zurich with SFH 15, SFH 30, SFH 60 
and SFH 100. The SFH 15 has the same insulation as SFH 30 but in addition it is equipped with a 
mechanical ventilation system with heat recovery (average heat recovery efficiency: 68%). Three energy 
demand levels according to 30, 60 and 100 kWh/m2a heating loads were used for this PolySMART WP 5 
study. They are named low, medium and high energy demand level residential building.  

Some maximum heating and cooling loads of the T32 buildings in different climatic zones are given in Table 
3. The cooling capacities of the TDC systems considered in this study are listed in  

Table 4. It shows that almost all of the TDC systems have too high capacities for the T32 buildings. 
Therefore the T32 residential buildings were enlarged to multi family houses (MFH) in order to fit with the 
cooling capacities of the PolySMART TDC systems. A modular concept was adopted, where the building is 
modelled with two different thermal zones, an attic and an intermediate zone each representing a flat with 
140 m2 reference floor area (Figure 3). The two zones are thermally not coupled. Adiabatic conditions are 
assumed in the next upper or lower zone. The size of the building can be adjusted to the cooling capacity of 
the TDC system without to change the building description input files. This can be done by using an integer 
multiplication factor to the thermal outputs of the intermediate zone. e.g. a 5 storey building with 700 m2 
consisting of 4 intermediate and one attic storey would be modelled with the multiplication factor 4 for the 
intermediate zone outputs. Table 5 shows the number of attic and intermediate zones assumed for the three 
different SH energy demand level buildings. 

Table 5 lists also the used heat and cold distribution systems for the buildings with the different energy 
demand levels. The fan coil system in the high energy demand building has a nominal heating capacity of 5.5 
kW in the attic dwelling and 4.5 kW in the intermediate dwelling. The in-/outlet temperatures at nominal 
conditions are 55/45 °C. The inlet temperature is controlled depending on the outside ambient temperature 
according to the heating curve of the building. The water mass flow is controlled with a thermostatic valve 
which closes at room temperatures above the set point temperature with a 1K proportional band width. 

Table 3: Maximum heat and cooling load of the T32 buildings in the different climatic zones 

  max heat load (kW) max cooling load (kW) 

T32 
name 

PolySMART 
name 

Madrid Barcelona Zurich Stockholm Madrid Barcelona Zurich Stockholm 

SFH15  1.08  1.84 2.43 2.03  0.90 0.20 

SFH30 low 2.03  3.10  2.04    

SFH60 medium 3.29  4.61  2.33    

SFH100 high 4.82 3.40 6.14 8.20 2.64 2.37 0.65 0. 
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Table 4: Cooling capacities, COP and type of the different TDC systems used in PolySMART (to be 
completed with information from WP1) 

TDC System cooling 
capacity 
[kWc] 

cop 
[-] 

type 

Ecool 2.5  H2O/ Silicagel 

Rotartica 4.5 0.8…1.4 H2O/LiBr 

Sortech 6  (7.5 ?) 0.56 H2O/ Silicagel 

Aosol 7  H2O/NH3 

ClimateWell 8 0.68 H2O/LiCl 

Pink 10  H2O/NH3 

Sonnenwärme 10 0.76 H2O/LiBr 

Robur 17.8  H2O/NH3 

 

  

Figure 3: Dimensions and thermal zones of the residential building 

 

Table 5: Number of thermal zones and heat/cold distribution systems for the different energy demand levels 

SH Energy 
demand level 

Number of 
Attic zones  

Number of 
Intermediate zones  

heat/cold distribution 
systems 

low 
medium 
high 

4 
4 
2 

8 
8 
4 

floor heating/cooling 
floor heating /cooling 
fancoil 

 

6.1 Walls 
The wall constructions correspond to those specified for the T32 buildings, except the additional active layer 
for floor heating in the ground floor of the medium energy demand level house. For the reason of 

14 m 

10
 m

 

Attic 

Inter-
mediate 

8.
2 

m
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completeness all wall constructions are presented in Table 6. The specification of the floor heating system is 
given in Table 7. 

Figure 3 displays the geometry and dimensions of the residential building. The resulting gross areas and 
volumes per thermal zone are summarized in Table 8. 

 

Table 6: Construction of building elements for the three energy demand levels of the residential building 

assembly layer layer thickness density conduc. capacity U-value 

  low 
[m] 

medium
[m] 

high 
[m] 

 
[kg/m3] 

 
[W/m/
K] 

 
[kJ/kg/K
] 

low 
[W/m2

K] 

medium
[W/m2

K] 

high 
[W/m2

K] 

external 
wall 

plaster inside 
brick 
EPS 
plaster 
outside 

0.015 
0.210 
0.240 
0.030 

0.015
0.210
0.120
0.030 

0.015
0.210
0.060
0.030 

1200
1380

17
1800 

0.600
0.700
0.040
0.700 

1.00 
1.00 
0.70 
1.00 

0.153 0.283 0.491 

 Σ 0.495 0.375 0.315       

ground 
floor  

wood 
plaster floor 
active layer 
plaster floor 
XPS 
concrete 

0.010 
0.060 

yes 
0.013 
0.050 
0.200 

0.010
0.060

yes
0.013
0.050
0.200 

0.010
0.060

no
0.000
0.050
0.200 

600
2000

--
2000

38
2000 

0.150
1.400

--
1400

0.037
1.330 

2.50 
1.00 

-- 
1.00 
1.45 
1.08 

0.558 0.558 0.561 

 Σ 0.333 0.333 0.320       

roof ceiling gypsumboard 
plywood 
rockwool 
 
plywood 

0.020 
0.015 
0.280 

- 
0.015 

0.020
0.015

-
0.180
0.015 

0.020
0.015

-
0.120
0.015 

900
300
60

144
300 

0.211
0.081
0.036
0.060
0.081 

1.00 
2.50 
1.03 
1.12 
2.50 

0.119 0.275 0.379 

 Σ 0.330 0.230 0.170       

internal 
wall 

clinker 0.200 0.200 0.200 650 0.230 0.92 0.962 0.962 0.962 

 
 

Table 7: Specification of active layer for floor heating 

pipe spacing from centre to centre [m]  
pipe outside diameter [m] 
pipe wall thickness [m] 
pipe wall conductivity [W/m/K] 
pipe length per register [m] 
specific mass flow [kg/h/m2]   
ratio: area with active layer/ net floor area [%] 

0.2 
0.025 
0.0025 
0.35  
80 
15 
100 
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Table 8: Dimensions, areas and volumes of the two thermal zones. The values are based on outer dimensions 
(gross values including exterior walls and floor slabs). They are equal for all energy demand levels. i.e. the 

net areas and volumes will vary slightly according to the corresponding wall and floor thickness. 
Concerning floor area, the given value corresponds to the energy reference floor area. 

 outer dimensions  floor area façade (N/S) façade (E/W) volume 

 L 
[m] 

W 
[m] 

H 
[m] 

L x W 
[m2] 

L x H 
[m2] 

W x H 
[m2] 

 
[m3] 

attic 
intermediate 

14 
14 

10 
10 

2.2/3.7
3.0 

140 
140 

30.8 
42.0 

37.0 
30.0 

518 
420 

 

6.2 Windows 
The window areas are equal in both thermal zones. They are given in Table 9. The thermal properties of the 
window types are specified in Table 10 

Table 9: Window areas per thermal zone and façade  

façade window area [m2] 

South 
East 
West 
North 

12 
4 
4 
3 

 

Table 10: Thermal properties of the used window types 

energy 
demand 
level 

Uglazing 
(center) 
[W/m2/K] 

g-value UFrame 

 

[W/m2/K] 

construction window ID 
(TRNSYS 
library) 

low 
medium 
high  

0.52 
1.40 
2.83 

0.585 
0.622 
0.755 

1.6 
2.3 
2.3 

4/16/4/16/4
4/16/4 
4/16/4 

13006 
2004 
1202 

 

6.3 Internal gains 
The internal gains from persons were adopted from T32 (Heimrath 2007). The description is repeated here: 

In the case of full occupancy 3.3 people are present simultaneously per dwelling. This value is based on a 
mean value from several building-objects evaluated during an Austrian study published in 2004 (Streicher 
2004). No distinction is made between weekdays and weekend. Numerical values for the overall occupancy 
profile are displayed in Figure 4. 
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Figure 4: Occupancy profile for each day of the week within the reference building 

 

The heat dissipation to the surroundings is assumed to be 100 Watt per person. This value is in accordance 
with the ISO 7730 [ISO 7730] standard and is based on the following scenario: 

Degree of activity:  seated at rest 

sensible heat:  60 W/person 

 convective gains:  40 W/person 

 radiative gains:  20 W/person 

latent heat:  40 W/person 

 humidity:  0.059 kg/hr person 

 

For the gains from electricity use for appliances and lighting it is assumed that 58% of the electric energy 
remain inside the building as thermal energy and are classified as internal electrical gains. This value was 
also adopted from T32. The electricity consumption profile is described in section 6.7. 

6.4 Solar shading and ventilation  
According to T32 (Heimrath 2007) a fixed overhang on the south facade and external venetian blinds for all 
windows were assumed for solar shading: 

Overhang: 

For the south facade an overhang with the following parameters was assumed: 
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- receiver height h  4 m 

- receiver width w 4 m 

- overhang projection p 1.5 m 

- overhang gap g 1 m 

- overhang left extension el  2 m 

- overhang right extension er 2 m  
 

Venetian blinds: 

Overheating due to the solar gains through the glazed areas is reduced by external shading devices with a 
shading factor of 0.8. (i.e. 20 % transmission). The control of the external shading is modelled as a function 
of the incident solar irradiation on the horizontal and depending on the room temperature. 

Control strategy (all points must be fulfilled): 

- Total global irradiation on the horizontal is above 300 W/m² 

- Room temperature must be above 23.8 °C 

- 24 hours average ambient temperature must be above 12 °C 

6.5 Ventilation 
Also the ventilation was adopted from T32 (Heimrath 2007). The description is repeated in the following:  

A natural air change rate of 0.4 is assumed due to leakages in the building envelope during wintertime. In 
summertime a free driven night ventilation mode is activated if the following conditions are met: 

- Time between 21:00 and 8:00 

- Daily average temperature is above 12 °C 

- Room temperature is above 24 °C 

- Ambient temperature is 2 K below the actually room temperature 

This free driven tilted window ventilation is simulated with TRNSYS Type 358 based on the method from 
A. Weber (1997) using a simple but CFD validated Bernoulli – approach. The air exchange rate through the 
window is calculated depending on the temperature difference between room and ambient temperature, the 
geometry of the window and the window opening tilt angle (see section 10). Three windows per zone with 
tilt angles of 10° have been defined. Two windows are 1.04m x 1.04m (H x W) and one window is 2.00m x 
0.94m (H x W). 

6.6 DHW consumption profile  
The DHW consumption profile data used in PolySMART originate from IEA SHC Task 26. The original 
data files were produced with the tool described in (Jordan 2001) and they can be downloaded from the 
homepage of the Solar Energy Laboratory of the University of Wisconsin, Madison 1 . The data files with a 1 
minute time resolution were used to aggregate the data to a 15 minute time resolution. Data profiles for the 
whole building with 100, 200 and 300 litres demand per day and dwelling named as low, moderate and high 
demand were produced by superposition of the original T26 data with 100, 200, 400 and 800 litres per day. 

The volume of DHW provided in the profiles assumes a supply temperature of 45°C and a cold feed water 
                                                 
1 http://sel.me.wisc.edu/trnsys/trnlib/library15.htm#IEA26Load 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 65 

temperature of 10°C. This means that on average each 100 litres from the profile data would correspond to 
about 70 litres of DHW drawn from a storage tank at 55 – 60°C.  

If DHW water is stored and supplied at a different temperature in a particular situation to be modelled then 
the volume of DHW provided in the profiles was altered by using the following correction: 

volumeprofile
etemperaturfeedcoldetemperaturwaterstored

volumeactual _
)____(

_ ⋅
−

=
35   

 
This correction was made in each simulation time step.  

6.7 Electricity consumption profile 
The European domestic electrical energy consumption data profiles, as provided by Annex 42 (Knight et al. 
2007), were used. Out of these data sets, namely the three sets of actual annual load profiles of a single 
dwelling, typical for low/medium/high (1155/3028/8387 kWh/a) electric energy consumption, as provided 
by Annex 42 (Kreutzer & Knight 2006), were used. 

The data provided are total electricity demand values, including the demand of  

- HVAC components (pumps, fan, control) 

- appliances (refrigerator, stand by loads of electronics) 

- occupant related additional loads (lighting, household appliances, IT devices) 

 
but not including any demand for electric heating (SH or DHW). 

The original A42 data of the low, medium and high electric consumption profile started on different 
weekdays and the time resolution of the data was 5 minutes. For this PolySMART WP5 study the data has 
been aggregated to 15 minutes time steps and shifted that all profiles start on Monday. The unit of the data is 
Watts (W).  

 
5.1.1.5 Data for MFH 
The electric load profiles for the MFH were produced by superposition of several low, medium or high 
electric energy consumption profiles of a single dwelling according to the number of dwellings and the 
electric energy demand level of the considered MFH. As only one typical profile is available per demand 
class the superposition of several equal profiles would lead to an unrealistic coincidence of the demands. To 
prevent from that, the profile data of the individual dwellings was shifted before the superposition. The 
shifting scheme presented in Table 11 was used in order to keep the weekdays synchronized. 

Table 11: Shifting scheme for electric consumption profile data 

Dwelling 
Number Shift [hour] 

1 
2 
3 
4 
5 
6 

0 
+169 
-169 
+167 
-167 
+1 
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7 Climates 
Preliminary simulations for different European climates showed that for the building considered (section 6) a 
significant cooling load exists only for southern European and Mediterranean climates (Table 3). Therefore, 
of the four climates used in IEA SHC Task 32 the Mediterranean from Madrid, Spain has been used for this 
PolySMART WP5 case study as with this climate the considered residential multi family house has a 
considerable cooling load. 

The climate of Madrid (Spain) represents a Mediterranean, continental climate with high temperatures during 
summer but moderate air humidity. The heating season is longer than on the coast. 

For a more detailed description of the climate see (Heimrath 2007). 
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8 External energy supply (delivered energy) 
5.1.1.6 Energy sources 
The following types of external energy are considered in this study: 

 Fuel: Natural gas 
 Electricity: Grid electricity with different generation mix and with feedback possibility 
 Ambient energies:  Energy from ground for HP system 

 
5.1.1.7 Natural gas 
The average values for import gas by Swissgas are considered for the natural gas properties 
(ecoinvent 2004): 

Lower heating value (LHV):   36.5  MJ/m3 
Higher heating value (HHV):   40.2  MJ/m3 

The composition for natural gas was assumed as [% weight]:  
 Methane CH4 89.12 % 
 Ethan C2H6 3.93 % 
 Nitrogen N2 2.62 % 
 Carbon dioxide CO2 1.35 % 
 Propane C3H8 1.44 % 
 Other -- 1.18 % 

The primary energy factor and CO2-equivalent emission rates used for natural gas are taken from 
(ecoinvent 2006) and shown in Table 12. 
 
5.1.1.8 Grid electricity 
For grid electricity, the NRPE demand and the respective CO2-equivalent emission rates depend on the 
electricity mix. Three electricity mixes were considered:  

a) European average according to the statistics issued by the (UCTE) 
b) an energy ratio for a state-of-the-art gas & steam combined cycle power plant (CCPP).  

The primary energy factors (pef) and emission rates used for the different electricity mixes are taken from 
(ecoinvent 2006) and shown in Table 12. They include a factor for the distribution of primary energy to the 
electric power plant plus a factor assuming 11.7% distribution losses in the electric grid (including high and 
low voltage distribution losses). A low voltage grid loss of 10% was applied for home-generated electricity 
delivered into and re-supplied from the grid. 
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Table 12:  Energy factors (primary to delivered energy ratios) and CO2 – equivalent emission factors  
Sources: (ecoinvent v1.3 2006) and (IPCC 2001 GWP 100a) 

 Electricity mix for low-voltage electricity supply Natural gas supply 

 UCTE/ECOINVENT CC power plant  As typical for Switzerland 

PE factor pef (based on LHV) 
[MJ primary / MJ delivered 
energy] 

   

 Renewable energy 0.281 0.0040 0.0021 

 Non-renewable energy 3.26 2.29 1.19 

CO2 -eq factor  
[kg/MJ delivered energy] 
[kg CO2 – Equiv /MJ end energy 

0.149 0.129 0.0112 

CO2 -eq factor, including 
combustion 
IPCC 2001 GWP 100a  
[kg CO2-Equiv /MJ end energy]  

  0.0672 

 

 

Of all the possible electricity mixes, the combined cycle power plant (CCPP) mix is best suited as a 
reference, as it is related to an electricity generation which is based on the same fuel as the cogeneration 
systems analyzed (mostly natural gas), it is clearly identifiable by its technical processes and it may be seen 
as another innovative substitution technology. For the CCPP, an electrical efficiency of 58% (in relation to 
the LHV of NG fuel; this is the value used by the Swiss Federal Office of Energy for a state-of-the-art 
CCPP), a factor of 1.19 for primary energy to plant input according to the PE factor of natural gas and an 
electricity grid distribution loss of 11.7%  of the delivered electricity were assumed.  
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9 Description of systems and control strategies 

9.1 System configurations  
Figure 5 and Figure 6 show the configurations of the considered polygeneration systems consisting basically 
of a cogen device (CGD) and a TDC (including heat rejection) device. The systems are supplemented with 
an auxiliary gas boiler and a mechanical chiller. One or two heat storages, a chilled water storage, pumps, 
valves and energy management and control devices complete the system. 
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Figure 5: Polygeneration system configuration with one heat storage  
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Figure 6: Polygeneration system configuration with two heat storages of different temperature levels  
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The CGD is either an ICE or an SOFC. In case of low temperature space heating systems two heat storages 
with different temperature levels are considered (Figure 6). In this case the high temperature (HT) storage is 
used for the DHW and TDC heat demand and the low temperature (LT) storage for space heating. Thus 
condensation in the heating devices is possible during the loading time of the LT-storage.  

The same system configurations, but without CGD and TDC, represent the considered conventional systems 
used as reference.  

Figure 7 shows the configuration of an alternative reference system with an earth coupled heat pump. In this 
system the ground source (GS) is used as a heat source for heating with the heat pump as well as a heat sink 
for free cooling operation. 

Cold water
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Space 
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Figure 7: System configuration with earth coupled heat pump. Ground source is also used as heat sink for 

free cooling 

 

9.2 Heating and coolth generation control strategies  
Generally, the heat and coolth generation is controlled according to the actual state of the temperatures in the 
corresponding storages. Depending on the possibility to modulate the output of the heat or coolth generator 
device a two point- or a PI-controller is used for that purpose. In case of the An overview is given in Table 
13. 

Table 13: Overview of applied controller types for the different heat and coolth generators  

Heat or coolth generator controller type 

Gas boiler PI 

ICE CGD 2-point 

SOFC CGD PI 

Heat pump 2-point 

TDC 2-point 

Mechanical chiller 2-point 
 

The CGD is always used in first priority according to the actual state of the temperatures in the heat storage 
or in case of two heat storages in the LT heat storage. The auxiliary GB cuts in if the requested heat is higher 
than the heating capacity of the CGD.  
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In systems with two heat storages the temperature in the HT-storage is always controlled with a 2-point 
controller: If the temperature in the HT storage is too low then the heat output of the CGD is switched from 
the LT- to the HT-storage and if it can be modulated additionally turned up to its maximum. The thereby 
resulting deficiency in the LT-storage during HT-storage loading time is replaced with heat from auxiliary 
GB.  

As a specific characteristic, the SOFC CGD may not be switched off due to degradation problems. i.e. at 
least a minimum of heat output is produced continuously. This could lead to overheating of the LT-storage 
during shoulder season when the space heating demand is low. To prevent from this, a second 2-point control 
sequence was applied: If the temperature in the LT storage is too high, the SOFC device heat output will be 
switched to the HT-storage. In this case and also during summer season, when the LT storage is switched off 
completely, the HT-storage is controlled by switching the SOFC-device heat output between minimum and 
maximum. Table 14 shows an overview of the described control regime.  

Table 14: Control regime in the LT and HT heat storage in case of SOFC CGD 

Control regime Temperature 
in HT-storage 

Temperature in 
LT-storage in HT-storage in LT-storage 

Situation during winter season 

too low ok on: QSOFCmax PI: QGB 

ok ok off PI: QSOFC +  QGB 

too low too high on: QSOFCmax off 

ok too high on: QSOFCmin off 

Situation during summer season 

too low - on: QSOFCmax off 

ok - on: QSOFCmin off 
 

The temperature in the cold storage was controlled with two 2-point controllers which switch on and off the 
two coolth sources TDC and mechanical auxiliary chiller.  

Table 15: Thresholds of the cold storage temperature control 

Switching Temperature limits (°C) Coolth 
distribution 

system  TDC Chiller 

on 18 20 
TABS 

off 14 18 

on 10 12 
cooling coil 

off 8 10 
 

9.3 Supply flow and room temperature control strategies  
The applied supply flow and room temperature control strategy is depending on the heat and coolth 
distribution system. Table 16 shows an overview of the applied approaches.   
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Table 16: Applied supply flow and room temperature control strategies 

Variable TABS Heating  & Cooling coil 

set point of coolth supply flow temperature cooling curve constant 

set point of heat supply flow temperature heating curve heating curve 

room temperature (cooling) self-regulating 2-point controller 

room temperature  (heating) self-regulating thermostatic valve 
 

5.1.1.9 Supply flow temperature set point 
For the cooling coil a constant supply flow temperature of 10 °C was used.  
In all other cases a heating or cooling curve respectively was applied for the supply flow temperature. The 
following linear slope was used for that purpose: 

if  oaϑ  < ϑοa,LmH : ϑsw = ϑr,SpC + m(ϑr,SpC - oaϑ ) - Δϑoffs,C 

if  oaϑ  > ϑοa,LmC : ϑsw = ϑrSp,H + m(ϑrSp,H - oaϑ ) - Δϑoffs,H 

Where: ϑsw Supply flow water temperature for cooling or heating 

ϑr,SpC , ϑrSp,H Room temperature set point for cooling or heating 

oaϑ  Outdoor air temperature mean value of last 24 hours 

ϑοa,LmC , ϑοa,LmH Outdoor air temperature limit for cooling and heating 

Δϑoffs,C , Δϑoffs,H Offset for cooling or heating depending on upper and lower bounds of the thermal 
gains.  

m Gradient of heating and cooling slope 

Tödtli (2009) describes how to determine the parameters of the heating and cooling curves for thermally 
activated building element systems (TABS). The applied values are given in Table 17. If the actual return 
flow temperature is above the heating curve or below the cooling curve respectively, then the supply flow 
temperature is set equal to the return flow temperature. i.e. there is no heating or cooling in the respective 
time step. Figure 8 shows as an example the heating and cooling curves and the resulting supply flow 
temperatures for the intermediate zone in the medium energy demand residential building.  
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Figure 8: Heating and cooling curves and the resulting flow temperature for the intermediate zone in the 
medium energy demand residential building 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 73 

Table 17: Parameters of heating and cooling linear slope  

 medium low 

 Attic Interm. Attic Interm. 

ϑr,SpC  26 26 26 26 

ϑrSp,H 21 21 21 21 

ϑοa,LmC 19 18 15.4 15.3 

ϑοa,LmH 18.4 17 17.1 15.7 

Δϑoffs,C 3 2 3 2 

Δϑoffs,H 1.1 1 1.1 1 

m 0.43 0.25 0.28 0.19 

 

5.1.1.10 Room temperature control 
For the TABS no room temperature control is necessary as this type of heat and coolth distribution 
system has a certain self-regulating effect due to surface temperatures of the heat or coolth 
emitting devices (floor and ceiling) which are very close to the room temperature set point. i.e. a 
small deviation of the room temperature from the set point will have a substantial effect on the 
emitted coolth or heat.  
For the fan coil system a room temperature control was applied. In the cooling case the cold water 
supply is mixed up to a constant temperature of 10 °C if the available cold storage temperature is 
below 10°C, otherwise the cold water supply temperature is equal to the available cold storage 
temperature. The coil is operated with fixed water and air flow rates. It is switched on for the 
required period per time step which is necessary to keep the desired room set point temperature 
which is defined as follows:   

if  ϑoa, <26 °C ϑr,SpC t  = 24 °C  
if  ϑoa, <26 °C ϑr,SpC t  = 24 °C + 0.333 . (  ϑoa, - 26 °C)  

A thermostatic valve with a 1K proportional band but without hysteresis was used on the water side 
to control the room temperature in case of the heating coil. The heating set point temperature was 
20 °C. 
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10 Description and modelling of system components 

10.1 SOFC based cogen devices 
The SOFC cogen device considered was an assumed system and no real prototype or product. The methane 
gas fuelled device was operated with two different internal fuel utilization rates of 0.8 and 0.55 (M1, M2) 
which results in two different heat to power ratios and part load efficiency characteristics (Figure 9). 

The two SOFC systems (M1 and M2) have a nominal power output of in the range of 10.7 kWe electric and 
16.4 kW thermal at 40 °C return flow water temperature. Both SOFC systems can be modulated down to 4.4 
kWe electric and 2.7 kW thermal output. The part load efficiencies for 40°C and 75°C return flow 
temperature are shown in Figure 9. 
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Figure 9: Electric (net AC output)  and total CHP efficiency performance characteristics of the 11.6  kWe 

SOFC unit considered, in relation to the power input of the fuel (lower heating value), for two different 
levels of return flow temperature and two different fuel utilization rates (M1 and M2).  

Detailed model: The SOFC CGD has been modelled with the IEA Annex 42 fuel cell based model (Kelly 
and Beausoleil-Morrison (ed), 2007) calibrated with results of a detailed fuel cell system model, comprising 
individual models for the SOFC stack and balance of plant components (Kazempoor, 2009, 2010a, 2010b). 
This SOFC model was specifically developed for this purpose. The parameters used for the IEA Annex 42 
fuel cell based model are given in the appendix. 

Simplified model: Performance map with efficiency depending on modulation rate.  

10.2 Combustion based cogen devices 
The internal combustion engine (ICE) considered was a Senertec Dachs with a nominal performance 
according to Table 18. 
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Table 18: Nominal performance of Senertec Dachs ICE 

Electrical power output 5.5 kW 

Heating capacity 12.5 kW 

Electrical efficiency 27 % 

Thermal efficiency 61% 

Coolant water flow rate 900 kg/h 

Return flow temperature 60 °C 
 

Detailed model: IEA Annex 42 model TRNSYS Type 154 (Kelly and Beausoleil-Morrison (ed), 2007) 
The model calibration parameter set for this ICE has been provided by IEA Annex 42 (Beausoleil-Morrison 
(ed), 2007). Model parameters: see appendix. 

Simplified model: Constant electrical and thermal efficiencies according to nominal conditions.  

10.3 TDC system 
Absorption chiller:  

SonnenKlima Suninverse; Single staged absorption chiller (H2O/LiBr) 10 kWc with a COP of 0.76 at 
nominal operation point (see Table 19) 

Table 19: SonnenKlima Suninverse H2O/LiBrTDC nominal operation point 

Cooling capacity 10 kW 

Chilled water in/out 18/15°C  

Chilled water flow rate  2.9 m3/h  

Driving heat input 13.2 kW 

Hot water in/out 75/65.3 °C 

Hot water flow rate 1.2 m3/h 

Rejected heat flow 23.2 kW 

Cooling water in/out 27/34.7 °C 

Cooling water flow rate 2.6 m3/h 

COP 0.76 
 

Detailed model: Type 177a developed at Technical University Berlin. 
The characteristic temperature difference method described in detail by Corrales (2007) was used to model 
the part load performance of the TDC. Model parameters: see appendix.   

Simplified model: constant COP of 0.76 

Heat rejection:  

Wet cooling tower; SonnenKlima: The nominal operation point of the cooling tower is given in Table 20. 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 76 

 Table 20: SonnenKlima cooling tower nominal operation point 

Cooling capacity 24 kW 

Water inlet temperature 35 °C 

Water outlet temperature 27 °C 

Wet bulb temperature 22 °C 

Air flow rate 3800 m3/h 

Water flow rate 2.6 m3/h 

Power consumption ca. 370 W 
 

Detailed model: TRNSYS Type 51. Model parameters: see appendix. 

Simplified model: not modeled  

The SonnenKlima absorption chiller and the cooling tower for the heat rejection are described in more detail 
by Corrales (2007). 

10.4 Reference and auxiliary heater (gas boiler) 
State-of-the-art gas boilers, condensing and modulating in a wide range, were used for the reference cases 
and as back up/auxiliary heaters in the CHCP systems. In both cases boilers with the same characteristics 
were used. The lowest modulation power and the nominal power for the different buildings are given in 
Table 21. The nominal utilization ratio is 108 % (LHV) for all types. Figure 10 shows the assumed efficiency 
(LHV) of all used gas boilers depending on return flow water temperature and load. This characteristic is 
based on manufacturer data of a commercially available product. Dynamic thermal effects in relation to the 
thermal capacities of the boiler and water circuit involved were not considered. 

Table 21: Lowest modulation power and nominal power of the gas boilers used for the different buildings 

Building type Swiss average building 
stock (Swiss av.) 

SIA 380/1 target value 
(SIA target) 

Passive House 
(PH) 

Lowest and nominal power (kW) SFH MFH SFH MFH SFH MFH 

Reference used as benchmark  2.0 – 12.6 10.6 – 50.4 0.9 – 9 10.6 – 50.4 0.9 – 9 0.9 – 9 

Back up heater for the FC system 0.9 – 9 10.6 – 50.4 0.9 – 9 2.0 – 12.6 0.9 – 9 0.9 – 9 
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Figure 10: Efficiency curve of the condensing gas boilers considered 

 

Detailed model: Empa Type 254 modelling the efficiency curve according to Figure 10. 

Simplified model: Constant efficiency of 0.99 

10.5 Reference and auxiliary chiller (mechanical chiller) 
A mechanical chiller (MC) with a cooling capacity of 10 kW was considered as auxiliary chiller (Table 22).  

Detailed model: A linear model for the cooling power and the COP with air temperature at condenser and 
inlet water temperature to the evaporator as independent variables was fitted with the 24 available operation 
points from catalogue data. The resulting equations are: 

Qcool = a + bTc + cTei + dTcTei 

COP = a + bTc + cTei + dTcTei 

were: Qcool Cooling capacity (kW) 

COP Coefficient of performance  
(definition:  COP = Qheat /Pel = Qcool /Pelcomp +1)  

Qheat Heat rejected at the condenser 

Pelcomp Electrical power demand compressor 

Tc Air temperature at condenser (usually outdoor air temperature) (°C) 

 Tei Inlet water temperature to the evaporator (°C) 

 a,b,c,d Coefficients 

The resulting coefficients for the two equations are given in Table 22 and Figure 11 shows the good 
agreement between the catalogue data and the model results. For the fan a constant electrical power demand 
was assumed. The size of the mechanical chiller was scaled up for cases with higher cooling demand. In 
those cases the same coefficients a to d were used for the COP and for the cooling capacity a constant 
scaling factor was applied.  

Simplified model: Constant COP of 5 
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Table 22: Performance data at nominal conditions of the mechanical chiller considered and coefficients for 
linear model 

Performance data of mechanical chiller at nominal conditions 

Cooling capacity  Qcool 10.1 kW 

Electrical power demand compressor  Pelcomp 3.3 kW 

Electrical power demand fan  Pelfan 0.5 kW 

Chilled water outlet  7 °C 

Air temperature at condenser 35 °C 

Coefficients for linear model 

 Qcool COP 

a 9.509603877 6.354340861 

b -0.088757607 -0.089528887 

c 0.406208723 0.151664431 

d -0.002802046 -0.002204292 
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Figure 11: Goodness of fit of the linear chiller model. The diagram shows the agreement between catalogue 
data and model results for the COP and the cooling power 

 

10.6 Heat and cold storage 
Heat storages:  

Cylindrical tanks for DHW and buffer storage were used. For the buildings with low temperature floor 
heating, two separate tanks with different temperature levels were assumed: A high temperature storage for 
the DHW and TDC and a low temperature storage as space heating buffer. For the buildings with high 
temperature heating systems, only one high temperature storage was assumed. Stratified storages were 
assumed. The standard storage size was 2m3. The size was adjusted in cases of bigger buildings used for 
model comparison between detailed and simplified models. Rock wool insulation of 8 cm (thermal 
conductivity 0.04 W/m/K) was assumed for all storages.  
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Detailed model: Type 4 

Simplified model: not modelled 

Cold storage:  

A cylindrical tank of 1.5m3 for cold storage was assumed. The overall loss coefficient of this storage was 2.8 
W/K. The size was adjusted in cases of bigger buildings used for model comparison between detailed and 
simplified models.  

Detailed model: Type 38 

Simplified model: not modelled 

10.7 Heat and cold emission devices 
5.1.1.11 Heating coil:  
A fan coil was selected from manufacturer’s catalogue for the two dwellings Attic and Intermediate 
according to there heating power demand. The fan coil is operated with two different air flow rates in the two 
dwellings. The corresponding performance data at nominal conditions is given in Table 23. 

Detailed model: For the heating coil the TRNSYS Type 5 in counter flow mode was used. This Type uses an 
LMTD heat exchanger model. The UA value of the heat exchanger is an input to this Type. As it is 
depending on the variable water flow rate in the heat exchanger, the following equation was used to calculate 
the UA value: 

1
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where: R Water mass flow independent part of total thermal resistance 

 0,wm&  Water mass flow rate at calibration point 

 wm&  Water mass flow rate 

 hA0 Heat transfer coefficient at calibration point 

 n Exponent 

Figure 12 shows a diagram from catalogue defining a correction factor for the nominal heating power 
depending on the difference between arithmetic mean water and air inlet temperature but with constant water 
in-/ outlet temperature difference of 20K. This diagram was used to fit the above UA model parameter 
whereupon an arbitrary water mass flow rate was selected as calibration point. The resulting values are given 
in Table 23.  
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Table 23: Heating coil performance data at nominal conditions and parameters for UA model   

 Attic Intermediate 

Performance data of heating coil at nominal conditions  

Heating capacity  9.6 kW 7.9 kW 

Air flow rate 760 m3/h 585 m3/h 

Water in/out   75/65 °C 75/65 °C 

Air inlet   20 °C 20 °C 

Parameter for UA model   

0,wm&  171.5 kg/h 181 kg/h 

R 0.002312 K/W 0.002679 K/W 

hA0 499 W/K 514 W/K 

n 0.7393 0.7735 
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Figure 12: Heating capacity correction factor depending on difference between arithmetic mean water 
temperature and air inlet for 20K in-/outlet water temperature difference 

 

Simplified model: not modelled 

5.1.1.12  
5.1.1.13 Cooling coil: 
Table 24 shows the performance data at nominal conditions of the cooling coil considered.  
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Table 24: Cooling coil performance data at nominal conditions  

Sensible cooling capacity  4.2 kW 

Air flow rate 960 m3/h 

Water in/out 7/12 °C 

Air inlet 27 °C 
47 % rel. humidity 

 

Detailed model: Cooling coil Type 52 which is able to evaluate also latent cooling demand in case of 
condensation in the cooling coil. The model parameters were calibrated with performance data of different 
operation points available from catalogue. Figure 13 shows the goodness of fit of the model. The cooling coil 
in this system is operated with water inlet temperatures of 10 °C and above. Particularly in those operation 
points the model shows a very good agreement with the catalogue data. The calibrated model parameters are 
given in the appendix.  
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Figure 13: Goodness of fit of the cooling coil model. The diagram shows the agreement between cooling 
capacity from catalogue data and the values calculated with the model 

 

Simplified model: not modelled 

 

5.1.1.14 Floor heating system:  
Detailed model: Active layers in building model Type 56.  

Simplified model: not modelled 

10.8 Earth coupled HP system 
A ground coupled electrically driven heat pump system was used as an additional reference system.  

5.1.1.15 Heat pump 
A heat pump with a nominal heating power of 32 kW was considered (Table 25). The heating power and 
COP characteristics of the heat pump considered are depicted in Figure 14 for different heat source 
temperatures (at entry to evaporator) and supply flow temperatures (Ts). The values are based on 
manufacturer data. 
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Table 25: Heat pump performance data at nominal conditions  

Supply flow temperature °C 35 50  

Heat source temperature °C 0 0 

Heating capacity  kW 32.6 30  

Electrical power demand kW 7.0 9.8  

COP 4.7 3.1 
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Figure 14: Heating power capacity and COP curves of the considered heat pump, in function of the heat 
source temperatures (at entry to evaporator, for different levels of heat supply temperatures (Ts) 

Detailed model: Performance map model Type 42, HVAC conditioning equipment, with heat source 
temperature and supply flow temperature as independent and heating capacity and COP as dependent 
variables according to Figure 14.  

Simplified model: The HP system was not modelled with the simplified model. 

 

5.1.1.16 Ground coupling 
5 bore holes of 100 m depth in dry soil / sand with a 26 mm inner diameter double U pipe was assumed as 
ground source (GS). The brine flow was 0.4 kg/sec per borehole. The electricity demand of the brine pump 
(600W) is accounting for approximately 7% of heat pump electricity demand. 

Detailed model: In order to correctly reflect the energetic interaction of the heat pump and the ground, a 
dynamic ground storage model is used. The model by (Wetter & Huber, 1997) was used. This model 
calculates the transient heat flux in the earth within a radius of 2-3 m with the Crank-Nicholson algorithm. In 
the vertical direction, several layers can be considered. For the outer boundary conditions, an analytical 
formulation with a superposition scheme is applied. The long term (several years) transient effect of the 
ground storage leads to a reduction of the yearly mean earth temperature. Provided the borehole heat 
exchanger is correctly dimensioned, this reduction amounts to 0.5 to 1.0°C. In this study this has been 
accounted for by reducing the earth temperature at simulation start by 0.8°C. 

Simplified model: The HP system was not modelled with the simplified model. 
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10.9 Mixing valves 
Detailed model: Mass balance (EQUATIONS) 

Simplified model: not modelled 

10.10 Pumps and fans 
Detailed model: Those pumps for which the number of operating hours is expected to be independent on the 
heat and cold generation system (eg. heat and cold distribution pumps and fans) can be neglected as 
performances are evaluated in terms of differences to the reference systems. For all other pumps constant 
parasitic losses are assumed, therefore the number of operating hours is evaluated. The fan in the cooling 
tower is assumed to be modulated. Its parasitic losses are evaluated correspondingly within the cooling tower 
model Type 51  

Simplified model: not modelled 

10.11 Components for system control 
5.1.1.17 On/Off controller:  
Detailed model: Type 2 

Simplified model: not modelled  

5.1.1.18 PID controller:  
Detailed model: Type 23 

Simplified model: not modelled 

5.1.1.19 Thermostatic valves:   
Detailed model: Empa Type 851 plus EQUATIONS 

Simplified model: not modelled 
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11 Matrix of cases 
The combinations of SH energy demands, DHW and electrical loads used for the simulations conducted in 
this study are shown in Table 26. 

Table 26: Combinations of SH energy demand, DHW and electrical loads used for simulations   

Demand profiles SH energy demand level 

DHW electricity low medium high 
low low    
low medium  x  
low high    

medium low  x  

medium medium x o x 

medium high  x  

high low    

high medium  x  

high high    

o 
x  

standard case    
6 cases with variation of one load parameter 

 

11.1 Comparison of results from detailed and simplified modelling 
The medium and the high SH energy demand building with medium electricity and DHW demand were used 
to compare results from the simplified EXCEL based model with those from the detailed TRNSYS model. 
For this purpose these two cases were simulated with both models for several different building sizes i.e. the 
number of dwellings was varied. This resulted in about 20 simulations with both models. 

11.2 Sensitivity analysis with simplified model (and partly with detailed 
model) 

The standard case was simulated with the simplified model, were the sizes, efficiencies and COP of cogen 
device and TDC were varied for sensitivity analysis in hundreds of runs. 

11.3 Parametric study 
The 7 cases marked in Table 26 were simulated with the detailed TRNSYS model with each of the following 
systems: GB (reference), ICE, SOFC M1, SOFC M2 and SOFC M1 without TDC but with mechanical 
chiller. Additionally all these cases except the high SH energy demand building were also simulated with the 
HP system. This resulted in 41 TRNSYS simulations for the parametric study. 
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12 Results 

12.1 Comparison of results from detailed and simplified modelling 
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Figure 15: Comparison of results from detailed and simplified modelling of the CHCP system with the SOFC 
M1 device in buildings with different sizes: NRPE demand (grid electricity mix CCPP) in function of the 

ratio of annual thermal energies (heat output CHP vs. total heat demand incl. heat demand for TDC) 
left: high SH energy demand building; right: medium SH energy demand building  

Figure 15 shows the comparison of results from simulations using the detailed and simple model respectively 
for the medium and the high SH energy demand building types for several different building sizes. The size 
of the CHP and the TDC devices have been kept constant for the different building sizes. As a result the ratio 
of annual thermal energies (heat output CHP vs. total heat demand incl. heat demand for TDC) is varying. 
The diagrams show the non renewable energy (NRPE) demand as a function of this ratio. The points 
connected with grey lines correspond to the same building size calculated with the two models. The results 
of the two models deviate on the one hand in the NRPE demand and on the other hand also on the ratio of 
annual thermal energies. The difference between the resulting NRPE demand from the two models is in most 
cases in the range of 5 to 10 %. The biggest influence on this difference originates from the uncertainty on 
the assumed mean efficiencies of the different devices in the simple model. Unconsidered storage losses and 
effects of the control and operation strategies in the simple model contribute as well to this difference. A 
more detailed analysis of the origins of these differences is given in (Weber et al. 2009). The data points 
inside the red circles result all from one and the same building size but from simulations with different 
values of the two PI-control parameters. This illustrates a potential for optimization in each individual case.  

State of the art SOFC CHP devices should not be switched off in order to avoid degradation problems of the 
FC stack. This was taken into account in the detailed model. Here the excess heat was dumped as soon as the 
heat storages were fully loaded with the SOFC still running. In the simple model a shut down of the SOFC 
device was assumed as soon as the heat demand was below the lowest possible heat output of the device. 
This resulted in cases of buildings with small heat demand in relation to the size of the SOFC device for the 
simple model in a maximum value of 1.0 for the ratio of annual thermal energies, whereas the detailed model 
showed values above 1.0 and with higher NRPE demand due to the dumped heat.   
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12.2 Sensitivity analysis with simplified model  

12.2.1 Influence of size of CGD and TDC 
Figure 16 and Figure 17 show for the medium energy demand building the influence of the size of the CGD 
and the TDC on the NRPE demand with electricity grid mix, COP of the TDC and internal fuel utilisation of 
the SOFC as parameters. 
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Figure 16: Influence of the CHP and the TDC capacity on the NRPE demand of the medium energy demand 
building assuming CCPP electrical grid mix. Left: SOFC device with high(0.8) fuel utilization (M1). Right: 

SOFC device with low(0.55) fuel utilization (M2). Top: COPTDC = 0.76. Bottom: COPTDC = 0.5 
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Figure 17: Influence of the CGD and the TDC size on the NRPE demand of the medium energy demand 
building assuming UCTE electrical grid mix. Left: SOFC device with high(0.8) fuel utilization (M1). Right: 

SOFC device with low(0.55) fuel utilization (M2). Top: COPTDC = 0.76. Bottom: COPTDC = 0.5 

As already mentioned above, state of the art SOFC cogen devices should not be turned off frequently due to 
degradation problems. This fact limits the maximum possible size of the SOFC heating capacity. Depending 
on the minimum modulation rate of the SOFC device and the ability of the system to store excess heat, an 
upper limit of the SOFC device will result, as heat dumping is no option if NRPE demand should be 
optimized. The simplified model does not include the heat storage, therefore it is not possible to determine 
this upper limit of the SOFC size with this model and the range of possible CHP sizes might be cut off at 
smaller sizes than shown in Figure 16 and Figure 17. However, the model implicitly assumes the presence of 
a heat storage by allowing a mean heat output per time step which is lower than the minimum heat output of 
the device. This is equal to the behaviour where the device operates for a fraction of the time step with 
minimum possible heat output at which the storage is loaded with excess heat and the rest of the time step 
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the device is turned off and heat is used from the storage. But this does not reflect the reality where the time 
constant of the storage is a multiple of the time step and thus the storage is able to absorb longer periods of 
low heat demand without to switch of the device.  

The diagrams only show a very small influence of the fuel utilization on the NRPE demand. M1 shows for 
both grid mixes slightly higher NRPE demands than M2 in case of small CHP sizes and significantly lower 
demands especially in case of UCTE mix for high CHP capacities.  

For CCPP grid mix the diagrams show an increase of the NRPE demand with increasing size of the TDC. 
This effect is even more significant if the CHP size is small. This effect originates in the typical SOFC 
electrical efficiency characteristic, where low modulation rates show the higher electrical efficiencies. i.e. 
with the addition of a TDC the SOFC device shows more operating hours with higher modulation rates and 
as a consequence the resulting yearly mean electrical efficiency is lower. In case of the UCTE mix this effect 
is compensated by the very bad grid electricity primary energy factor. Here the NRPE demand can clearly be 
reduced with the addition of a TDC to the system. A small increase of the NRPE demand with the TDC size 
can also be observed with the UTCE grid mix if the SOFC size is small and/or if the COP of the TDC is low. 

It can be concluded, that for SOFC CHP systems the addition of a TDC for space cooling purpose can either 
increase or decrease the NRPE demand. It has to be clarified in each individual case depending on the 
performance characteristic and the size of the SOFC cogen device, the COP and the size of the TDC and the 
grid electricity mix whether CHCP with a TDC is able to further reduce the NRPE demand or not.  

12.3 Results from detailed model 

12.3.1 NRPE demand and CO2 emissions 
Figure 18 shows values per m2 energy reference floor area for the different energies and for the CO2-eq 
emissions, resulting for the six systems, namely the GB reference system, the HP, ICE, SOFC M1 and M2 
and SOFC M1 without TDC cases. The SOFC cogen devices produced slightly more heat than the ICE as 
their heating capacity was higher. The cold produced by the TDC was quite similar in all polygeneration 
cases, although more heat at higher temperature was available from the SOFC. Cold generated by the TDC 
covered more or less in all cases the demand for space cooling. Thus, the auxiliary mechanical chiller could 
be omitted without significantly affecting thermal comfort, which in fact would be done in reality in this 
case. However here it was added to the system in order to have fully comparable thermal comfort situations. 
Due to the higher electric efficiency and the modulating capability, the electricity generated by the SOFC 
systems was two to three times higher than by the ICE CGD. The difference between cases (M1) and (M2) 
was not significant. 

Comparing the cases SOFC M1 with TDC and without TDC but mechanical chiller, it can be concluded that 
with the presence of a TDC a small increase of the CO2-eq emission in the order of 2 to 7% resulted in all 
cases independent on the SH energy demand level of the building or the used grid electricity mix. In terms of 
NRPE demand this was different: Only if UCTE grid electricity mix was used a small saving of 9% was 
achieved in the high SH energy demand building. In the two other buildings the NRPE demand was equal 
with and without TDC. In case of CCPP grid electricity mix the NRPE demand was higher if TDC was 
applied. The reason for that is the low primary energy factor of the CCPP electricity. With a simple energy 
balance it can be shown that the electrical efficiency of a CHCP system has to be above about 45% in order 
be able to produce cold with less NRPE demand than with a mechanical chiller using electricity from CCPP.. 
The achieved mean electricity efficiencies of the present SOFC cases were below that value, they were in the 
range of 38 to 42 %. Additionally the mean electrical efficiency was decreasing with the addition of a TDC. 
The reason for that is the higher mean modulation rate as a result of the additional heat demand for the TDC, 
but higher modulation rates induce, according to the characteristic shown in Figure 9, a lower electrical 
efficiency.  
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Figure 18: Energy demand and CO2-eq emission values per m2 energy reference floor area resulting for the 
cases GB (reference case), HP, ICE, SOFC M1, SOFC M2 and SOFC M1 without TDC  
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The potential of the SOFC systems for savings in both NRPE demand as well as CO2-eq emissions was 
clearly demonstrated. In the case of UCTE grid mix 62 % reduction in NRPE demand and 35 % in CO2-eq 
emissions resulted, compared to the reference case (14 % NRPE and 14 % CO2-eq emissions reduction for 
the CCPP case).  

At first glance the SOFC systems seem to be oversized as they ran for a long time in part load and the 
portion of the heat demand covered by the auxiliary gas boiler was quite small. But a special feature of 
SOFC based cogeneration devices is their characteristic of increasing electrical efficiency towards lower part 
loads, and thus of better performance in terms of NRPE demand and CO2-eq emission. The limiting factor 
for sizing is the assumed requirement that the system may not be shut off, as this may induce stack 
degradation problems. Therefore the highest possible system capacity is limited by the condition not to 
produce surplus heat during the season with the lowest heat demand at the smallest possible modulation rate. 

Not only the electrical and overall efficiencies of the CGD but also the assumed grid electricity mix play a 
key role. The dominant role of the assumed electricity grid is confirmed, as already demonstrated in earlier 
performance assessments of residential cogeneration systems (Dorer 2009) and also shown in preliminary 
assessments of polygeneration systems (Kräuchi 2008). 

12.3.2 Parametric study 
5.1.1.20 Influence of SH energy demand level of the building 
Figure 19 shows the NRPE demand and CO2-eq emissions per m2 reference floor area for the different 
CHCP systems and reference system depending on the SH energy demand level (low, medium, high) of the 
building.  

CCPP grid electricity mix:  

If electricity from CCPP was used as grid electricity mix, the relations between the values of the individual 
cases were identical for NRPE demand and CO2-eq emissions. This is because all the produced net energies 
(electricity from grid, electricity produced with the CHP and heat produced with CHP or GB) have only one 
NRPE source namely natural gas and therefore the relation between NRPE demand and CO2-eq remains 
constant independent on the composition of the differently produced net energies.  

Where a HP system is possible (low and medium SH energy demand building) the HP is the most favourable 
system in terms of NRPE demand and CO2-eq emissions. The NRPE demand and CO2-eq emissions savings 
compared to the reference system were 23% and 27% respectively in these two buildings. 

In case of the CHCP system with the ICE the savings were very small, only 4% in the “low” and “medium” 
building and 1% in the “high” building. The CHCP with the SOFC offered higher savings in the range of 9 to 
17 %. The highest possible savings with CHP were achieved with the SOFC but without TDC. Therefore 
TDC cannot be recommended if grid electricity is considered to be produced in a state of the art CCPP.  

UCTE grid electricity mix:  

The situation was completely different if UTCE grid electricity mix was considered. Here the CHCP systems 
performed better than the HP system in terms of NRPE demand. The most favourable system for all 
buildings was the SOFC. NRPE demand savings in the range of 37 to 39 % were achieved in the “low” and 
“medium” building and up to 62% in the “high” building. In case of the high SH energy demand building 
TDC offered an additional saving of NRPE demand. The relatively high electrical efficiency of the SOFC 
system leads to the paradox situation that the NRPE demand of the “high” building was lower then those of 
the “low” and “medium” buildings. This was achieved with feeding back a larger amount of surplus locally 
produced electricity which was credited with the high NRPE factor of the replaced UCTE electricity. 
However, this trend cannot be observed when the NRPE demands of the SOFC systems in the low and 
medium buildings are compared. The different system configurations and operation strategies in case of the 
“low” and “medium” building on the one hand and the “high” building on the other hand are the reason for 
that: In the “low” and “medium” building we have two heat storages, one for high temperature heat to be 
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used for DHW and TDC and one for low temperature heat for SH. Due to the operation strategy for these 
two storages as described in section 9.1 a larger fraction of the additional low temperature heat demand for 
SH in case of the “medium” building compared to the “low” building was produced either with a higher 
modulation rate of the SOFC and thus with a lower electrical efficiency or even with the GB. However, this 
observation suggests the conclusion that the chosen configuration and operation strategy in the low and 
medium building has a potential to be optimized in case of UTCE grid electricity mix. E.g. also in these two 
buildings the configuration with only one heat storage should be investigated. Possibly this would lead to a 
higher amount of generated electricity at the cost of the thermal efficiency but in the end with lower NRPE 
demand.   
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Figure 19: NRPE demand (left) and CO2-eq emission (right)per m2 reference floor area for the different 
CHCP systems and reference system  depending on the SH energy demand level (low, medium, high)of the 

building. The percentages denote the savings in relation to the reference system (gas boiler and mechanical 
chiller). CCPP (top) and UCTE (bottom) electrical grid mixes are assumed.  

5.1.1.21 Influence of DHW demand level  
CCPP grid electricity mix: 

Concerning CCPP grid electricity mix more or less the same statements as given above in the section about 
the influence of the SH energy demand level of the building can be made here as well. 
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UCTE grid electricity mix:  

The saving potential of the HP and the SOFC systems remained more or less constant, independent on the 
DHW demand: The HP systems offered NRPE savings in the range of 14 to 15% and 21 to 23% CO2-eq 
emissions savings. The values for the SOFC systems are 37 to 39 % NRPE and 21 to 24% CO2-eq emissions 
savings. Only the ICE system showed a weak correlation between the savings and the DHW demand. The 
NRPE savings growed from 15% in case of the low DHW demand to 20 % in case of the high DHW 
demand. The same trend can also be observed with the CO2-eq emissions. The saving was 7% in case of the 
low DHW demand and 12% in case of the high DHW demand.  

The above observed effect of decreasing NRPE demand in case of the increasing heat demand for SH was 
not be observed in case of increasing DHW demand. Again this is due to the chosen system configuration 
and operation strategy. Here we have in all three cases, low, medium and high DHW demand, the same 
system configuration with two heat storages. The additional DHW heat demand was covered with the SOFC 
device operating at the maximum modulation rate and thus with a relatively low electrical efficiency or even 
with GB and therefore a lower amount of surplus electricity resulted. 
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Figure 20: NRPE demand (left) and CO2-eq emission (right) for the different CHCP systems depending on 
the DHW energy demand level (low, medium, high). The percentages denote the savings in relation to the 

reference system (gas boiler and mechanical chiller). CCPP (top) and UCTE (bottom) electrical grid mixes 
are assumed. 
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5.1.1.22 Influence of electricity demand level  
CCPP grid electricity mix: 

Concerning CCPP grid electricity again the observations are similar as already described above in the section 
about the influence of the SH energy demand level of the building.  

UCTE grid electricity mix:  

In terms of absolute values, the NRPE and CO2-eq savings were completely independent on the electricity 
demand level in case of the HP system. In case of the CHCP systems the absolute savings were increasing 
slightly with the electricity demand but not with the same ratio as the demand itself, therefore the relative 
savings were decreasing. However, these higher absolute savings were caused by the higher amount of 
directly used locally produced electricity. This induced less grid losses for the locally produced electricity.   
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Figure 21: NRPE demand (left) and CO2-eq emission (right) for the different CHCP systems depending on 
the electricity energy demand level (low, medium, high). The percentages denote the savings in relation to 
the reference system (gas boiler and mechanical chiller). CCPP (top) and UCTE (bottom) electrical grid 

mixes are assumed.  
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13 Conclusions and outlook 
In all investigated cases considerable savings of NRPE demand and CO2-eq emissions were achieved with 
the CHCP systems compared to the reference system with GB and mechanical chiller. Compared to the ICE 
CHP the achieved savings with the SOFC were in the order of 2 to 3 times higher due to the considerable 
higher electric efficiency of the SOFC. As expected, the considered grid electricity mix had a very high 
influence on the savings. The savings were much higher in case of UCTE grid electricity mix. The highest 
possible NRPE saving of 62% was achieved with the SOFC system in case of the high SH energy demand 
building and UCTE grid electricity mix. If grid electricity mix was considered to be produced purely with 
high efficient CCPP representing margin grid electricity, then the far highest savings were achieved with the 
ground coupled HP system where the ground source was used as also heat sink for free cooling.  

The comparison of the SOFC based CHCP system with the SOFC system without TDC but a mechanical 
chiller, showed only in the case of the high SH energy demand building and UCTE grid electricity an 
advantage of the TDC in terms of higher NRPE savings. TDC could be advantages in more cases if higher 
SOFC maximum electrical efficiencies of up to 60 %, as announced in a recently presented SOFC device, 
will become state of the art. However, even with highly efficient SOFC CHP devices it has to be investigated 
very carefully in each individual case whether TDC offers NRPE and and/or CO2-eq emission savings. 

The results of the present study gave some indications for an existing optimization potential of the 
configurations, operation and control strategies and parameters. This could be a subject of future 
optimization studies of the SOFC based CHCP technology. 
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Appendix 

a) Description of simplified model 

Nomenclature 
DE Delivered Energy 

DHW Domestic Hot Water 

fa Factor of actual local electrical Autonomy  

fl Factor of electrical grid Loss  

LE Loss Energy 

NE Net Energy 

n Efficiency 

OE Output Energy 

PE Primary Energy 

pef Primary Energy Factor 

XE eXported Energy 

  

  

Indices  

CGU CoGen Unit 

C Cold 

Cooler Cooler 

El Electricity 

Fuel Fuel 

Grid Grid 

H Heat 

Heater Heater 

HVAC HVAC 

Local Locally used 

min Minimum 

max Maximum 

TDC Thermally Driven Cooling  

th thermal 
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Energy flow diagrams 
Figure 22 shows the energy flow diagram on which the simplified model is based. Figure 23 shows 

the same energy flows in form of a block diagram.  

 

 

Figure 22: Energy flow diagram 

 

 

PEFuel
CGU

(Cogen Unit) TDC-Cooling 
Cooler
(mech. 
chiller)

PEGrid

XEEl-Grid

DEFuel DEFuel-CGU

DEEl-Grid

OEH-CGU-TDCOEH-CGU

OEEl-CGU-Local

NEEl-Grid

NEH-Heater

Heater
(GB)



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 99 

 
 
 

Figure 23: Energy flow block diagram. Interrupted views of energy flows are alphabetically numbered. Heat losses (except LEEl-Grid) are not shown 
. 
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System operation modes  
Depending on the net energy demand for space and DHW heating (NEH) and for cooling (NEC) it is decided 

in which mode the system is operated, i.e. how the heat output from CGU and heater will be distributed to 

space and domestic hot water (DHW) heating and TDC. These operation modes are graphically shown in 

Figure 24. The following operation modes are defined:  

Operation 
Mode 

Description 

1 Reference system mode. This mode is used to model the reference system where the GB 

heater is the only heat source and no CGU and TDC are assumed. Cold is produced 

exclusively with the mechanical chiller. 

2 CGU without TDC. This mode is used to model a reference Cogen system with an auxiliary 

heater but without TDC. Cold is produced exclusively with the mechanical chiller 

3 Minor demand. Total heat demand for heating and TDC is smaller than the lowest possible heat 

output of the CGU. As a consequence the CGU is operating only during a fraction of the time 

step. 

4 Heat demand for heating and smaller heat demand for TDC. All heat and cold is produced with 

CGU and TDC (provided the capacity of the TDC is sufficient). 

5 Heat demand for TDC and smaller heat demand for heating. All heat and cold is produced with 

CGU and TDC (provided the capacity of the TDC is sufficient). Actually there is no difference 

between the in the operation modes 4 an 5  

6 Heat demand for heating is higher than the maximum heat output of the CGU. The CGU 

operates in full load and its total heat output is used for space heating and DHW. The 

remaining DHW and space heat demand is covered with the auxiliary heater and cold is 

produced exclusively with the mechanical chiller. 

7 Heat demand for the TDC is higher than the maximum heat output of the CGU. The CGU 

operates in full load for the TDC and the remaining cold demand is covered with the auxiliary 

chiller and space and DHW heat is produced exclusively with the auxiliary heater.    

8 Total heat demand for heating and TDC is higher than the maximum heat output of the CGU 

and the total heat demand for space heating and DHW is higher than for TDC. The CGU 

operates in full load mainly for space and DHW heating. The remaining available heat from 

CGU is used for the TDC. The remaining cold demand is covered with the mechanical chiller. 

9 Total heat demand for heating and TDC is higher than the maximum heat output of the CGU 

and the heat demand for TDC is higher than for space and DHW heating. The CGU operates in 

full load mainly for TDC. The remaining available heat from CGU is used for the Space heating. 
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The remaining space heat demand is covered with the auxiliary chiller. 

 

3 4 5 6 7 8 9

N  
NEH

et energy demand for heating

maximum heat demand for TDC
min(NE  /COP, OE  /COP)C C-TDC-max

OEH-CGU-min

OEH-CGU-max

Mode   
 

Figure 24: System operation modes 
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Calculation formula 
All energy flows are calculated depending on the selected operation mode according to the equations given in the following table. 

Valid for mode Le

vel 

Energy flow Formula 

1:  ref case 

no CGU  

 

2:  no TDC 

Heating with 

CGU + 

heater, 

cooling with 

Chiller 

3: minor 

demand 

(CGU part-

time on )  

4: heating and 

some cooling 

only with 

CGU/TDC 

(actually: 4=5) 

5: cooling and 

some heating 

only with 

CGU/TDC 

(actually: 4=5) 

6: heating w.  

CGU and 

Heater 

+cooling w. 

Chiller 

7: cooling w. 

CGU/TDC 

and Chiller 

+heating w. 

Heater 

8: heating 

only w. CGU  

+cooling with 

CGU/TDC 

and Chiller  

9: cooling, 

only w. 

CGU/TDC  

+heating with 

CGU and 

Heater 

0 PEFuel DEFuel * pefFuel x x x x x x x x x 

 PEGrid DEGrid * pefGrid x x x x x x x x x 

1 DEFuel DEFuel-CGU + DEFuel-Heater x x x x x x x x x 

 DEFuel-Heater NEH-Heater / nHeater x x x x x x x x x 

 DEFuel-CGU OEH-CGU / nth-CGU x x x x x x x x x 

 DEEl-Grid NEEl-Grid + DEEl-Grid- HVAC x x x x x x x x x 

 NEEl-Grid NEEl - NEEl-CGU  x x x x x x x x x 

 DEEl-Grid-HVAC DEEl-Grid-Cooler + DEEl-Grid-TDC x x x x x x x x x 

 DEEl-Grid-Cooler (1 – fa) * DEEl-Cooler x x x x x x x x x 

 DEEl-Grid-TDC (1 – fa) * DEEl-TDC x x x x x x x x x 

2 0   x x x   x  

 NEH x      x   

 

NEH-Heater 

max((NEH - OEH-CGU-max),0)  x    x    
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Valid for mode Le

vel 

Energy flow Formula 

1:  ref case 

no CGU  

 

2:  no TDC 

Heating with 

CGU + 

heater, 

cooling with 

Chiller 

3: minor 

demand 

(CGU part-

time on )  

4: heating and 

some cooling 

only with 

CGU/TDC 

(actually: 4=5) 

5: cooling and 

some heating 

only with 

CGU/TDC 

(actually: 4=5) 

6: heating w.  

CGU and 

Heater 

+cooling w. 

Chiller 

7: cooling w. 

CGU/TDC 

and Chiller 

+heating w. 

Heater 

8: heating 

only w. CGU  

+cooling with 

CGU/TDC 

and Chiller  

9: cooling, 

only w. 

CGU/TDC  

+heating with 

CGU and 

Heater 

 NEH NEH -CGU         x 

 OEH-CGU NEH-CGU + OEH-CGU-TDC x x x x x x x x x 

 0 x      x   

 NEH  x x x x   x  

 OEH-CGU-max      x    

 

NEH-CGU 

OEH-CGU - OEH-CGU-TDC         x 

 OEH-CGU-TDC (-1) * (NEC-TDC /  COPC-TDC) x x x x x x x x x 

 OEEl-CGU DEFuel-CGU * nel-CGU x x x x x x x x x 

 OEEl-CGU-Grid 
case fa = 1  ->  OEEl-CGU - OEEl-CGU-Local  
case 0 <= fa < 1  ->  0 
 [OEEl-CGU-Grid + LEEL-Grid] 

x x x x x x x x x 

 XEEl-Grid (1 - flGrid ) * OEEl-CGU-Grid x x x x x x x x x 

 LEEL-Grid flGrid  * OEEl-CGU-Grid x x x x x x x x x 

 OEEl-CGU-Local OEEl-CGU-Cooler + OEEl-CGU-TDC + NEEl-CGU x x x x x x x x x 

 OEEl-CGU-Cooler fa * DEEl-Cooler x x x x x x x x x 

 OEEl-CGU-TDC fa * DEEl-TDC x x x x x x x x x 

 NEEl-CGU fa * NEEl x x x x x x x x x 

3 DEEl-TDC 0 x x    x    
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Valid for mode Le

vel 

Energy flow Formula 

1:  ref case 

no CGU  

 

2:  no TDC 

Heating with 

CGU + 

heater, 

cooling with 

Chiller 

3: minor 

demand 

(CGU part-

time on )  

4: heating and 

some cooling 

only with 

CGU/TDC 

(actually: 4=5) 

5: cooling and 

some heating 

only with 

CGU/TDC 

(actually: 4=5) 

6: heating w.  

CGU and 

Heater 

+cooling w. 

Chiller 

7: cooling w. 

CGU/TDC 

and Chiller 

+heating w. 

Heater 

8: heating 

only w. CGU  

+cooling with 

CGU/TDC 

and Chiller  

9: cooling, 

only w. 

CGU/TDC  

+heating with 

CGU and 

Heater 

 const      [DEEl-TDC]      
[DEEl-Grid-TDC + OEEl-CGU-TDC]    x x  x x x 

 const * OEH-CGU / OEH-CGU-min   x       

 DEEl-Cooler 
(-1) * (NEC-Cooler /  nCooler) 
[DEEl-Grid-Cooler + OEEl-CGU-Cooler] 

x x x x x x x x x 

 0 x x    x    

 max(NEC,OEC-TDC-max)   x x x    x 

 min((-1) * COPC-TDC * OEH-CGU-max,OEC-TDC-max)       x   

 

NEC-TDC 

NEC – NEC-Cooler        x  

 NEc – max(NEc,OEC-TDC-max)   x x x    x 

 NEC x x    x    

 NEC -  (-1) *  
min((COPC-TDC * OEH-CGU-max),OEC-TDC-max) 

      x   

 

NEC-Cooler 

NEC – (-1) *  
min((COPC-TDC * (OEH-CGU-max – NEH)), OEC-TDC-max) 

       x  

4 NEH predefined profile data x x x x x x x x x 

 NEC predefined profile data x x x x x x x x x 

 NEEl predefined profile data x x x x x x x x x 

Calculation of energy flows. The flows are listed according to the transformation process as presented in the energy flow diagram.  
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Additional equations: 
Factor of actual local electrical autonomy fa 

0 ≤ fa ≤ 1 

Shortness of locally generated electricity, supply from grid required:  

if [0 ≤  OEEl-CGU / (DEEL-TDC + DEEL-Cooler + NEEl )   < 1]     

→  fa = OEEl-CGU / (DEEL-TDC + DEEL-Cooler + NEEl ) 

Excess of locally generated electricity:  

if [1 ≤  OEEl-CGU / (DEEL-TDC + DEEL-Cooler + NEEl )]  

→ fa = 1 

 

Thermal and electrical efficiency of CGU nth-CGU , nEl-CGU 

The two efficiencies of the CGU are determined in function of the thermal modulation rate (OEH-

CGU/OEH-CGU-max) of the CGU. These functions are defined as performance maps with several data 

points. Linear interpolation is applied between these data points. 

 nth-CGU  = f(OEH-CGU/OEH-CGU-max) 

 nEl-CGU  = f(OEH-CGU/OEH-CGU-max) 
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b) List of TRNSYS Types used to model the building and 
system components 

Component TRNSYS model 
Building 
 Multi zone building 
 Overhang 
 Window airing 

 
Type 56 Multi zone building
Type 34 Overhang, wing wall
Type 358  Non-standard type (NST), Empa 

Fancoil 
 Heating 
 Cooling 

 
Type 5  Heat exchanger
Type 52  Cooling coil 

Gas boiler Type 254  NST, Empa 
SOFC Type 152  NST, Annex 42 FC model 
ICE Type 154 NST, Annex 42 combustion CHP model  
HP 
 Heat pump 
 Ground source 
 Heat exchanger for free 
cooling 

 
Type 42  HVAC conditioning equipment
Type 451  NST, EWS model by (Wetter, Huber, 
1997) 
Type 5  Heat exchanger 

TDC 
 Absorption chiller 
 Heat rejection 

 
Type 177  NST, TUB
Type 51  Wet cooling tower 

Storage 
 Heat 
 Cold 

 
Type 4   Stratified storage
Type 38 Plug-flow tank 

Controllers:  
 PI controller 
 On/off controller with 
hysteresis 

 
Type 23  PID controller
Type 2   On/off controller with hysteresis 
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c) Model parameters of some used TRNSYS Types 

Type 177, Absorption chiller 
1  ! 1 Mode 
1.804  ! 2 rgI 
-0.25  ! 3 rgII 
2330.9 ! 4 sgI 
-25.937 ! 5 sgII 
-6.941 ! 6 reI 
0.333  ! 7 reII 
1696.5 ! 8 seI 
-13.103 ! 9 seII 
-1.887 ! 10 racI 
-0.007 ! 11 racII 
-4037.4 ! 12 sacI 
40.532 ! 13 sacII 
1.15  ! 14 B 
22  ! 15 t_cw1 
42  ! 16 t_cw2 
49  ! 17 t_hw1 
106  ! 18 t_hw2 
7  ! 19 t_ow1 
22  ! 20 t_ow2 
1200  ! 21 m_Gn 
2900  ! 22 m_ACn 
2600  ! 23 m_En 
 

Type 51, Wet cooling tower 
2  ! 1 Calculation mode 
1  ! 2 Flow geometry 
1  ! 3 Number of tower cells 
3805.2 ! 4 Maximum cell flow rate 
0.370  ! 5 Fan power at maximum flow 
300  ! 6 Minimum cell flow rate 
0.1  ! 7 Sump volume 
15.0  ! 8 Initial sump temperature 
40  ! 9 Logical unit 
10  ! 10 Number of data points 
1  ! 11 Print performance results? 
 

Type 451, Ground source 
1  ! 1 flag_steady_state 
1  ! 2 flag_calc 
1571  ! 3 brine massflowrate  
2.5  ! 4 radius simulation area 
2  ! 5 grid factor 
100  ! 6 borehole depth 
0.026  ! 7 pipe inner diameter 
0.15  ! 8 borehole diameter 
0.035  ! 9 axial T gradient 
14  ! 10 annual mean Tamb 
0  ! 11 dT air surf 
1.55  ! 12 Cp fill 
1180  ! 13 rho fill 
2.88  ! 14 lambda fill 
3.92  ! 15 Cp brine 
1032  ! 16 rho brine 
1.76  ! 17 lambda brine 
0.00000598  ! 18 nu brine 
1  ! 19 monitor 1 axi 
0  ! 20 monitor 1 rad 
1  ! 21 monitor 2 axi 
0  ! 22 monitor 2 rad 
1  ! 23 monitor 3 axi 
0  ! 24 monitor 3 rad 
1  ! 25 monitor 4 axi 
0  ! 26 monitor 4 rad 
1  ! 27 monitor 5 axi 
0  ! 28 monitor 5 rad 
1  ! 29 monitor 6 axi 
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0  ! 30 monitor 6 rad 
1  ! 31 monitor 7 axi 
0  ! 32 monitor 7 rad 
1  ! 33 monitor 8 axi 
0  ! 34 monitor 8 rad 
5  ! 35 rad layers 
1  ! 36 axi layers 
1.2  ! 37 cp earth (axial) 
2500  ! 38 rho earth (axial) 
9  ! 39 lambda earth (axial) 
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Type 152, Annex 42 FC based CHP model (separate parameter input file)  
 
;Parameters for SOFC model:     TRNSYS FC-system-cogeneration device model 
;        Empirical FC-system based cogeneration device model developed in 
the IEA Annex 42 for TRNSYS 16 
;                               The parameters are for a 12kWe SOFC device 
;                               Calibration with data from detailes SOFC device model case B5 (M1 
IJHE paper) 
;                               Calibration with explicit compressor and fan 
; 
; Andreas Weber, January 12 2010 
; Empa Building Technologies 
 
[PARAMETER] 
 
[FCPM_electrical_performance] 
;y = -7.6495E-11x2 - 1.5455E-05x + 7.7329E-01 
eta_0 =7.7329E-01                    ; []             Polynomial coeff that expresses FCPM 
electrical efficiency 
eta_1 =-1.5455E-05                   ; [1/W]          Ditto 
eta_2 =-7.6495E-11                   ; [1/W2]         Ditto 
degrade_ONOFF = 0                    ; []             Fractional performance degradation for off-on 
cycling 
Nstops_0 = 0                         ; []             Number of stops at simulation start 
degrade_optime = 0                   ; [1/h]          Fractional performance degradation due to 
operating time 
degrade_thresh = 0                   ; [h]            Time threshold before which no degradation due 
to operating time occurs 
time_op = 0                          ; [h]            Operation time at simulation start 
elec_min = 3000                      ; [W]            FCPM's min elec output P_el DC 
elec_max =16000                      ; [W]            FCPM's max elec output 
 
[FCPM_transient_response] 
dPdt_inc_limit = 10                 ; [W/s]          Max allowable time derivative for elec output 
(power increasing) 
dPdt_dec_limit = 10                 ; [W/s]          Max allowable time derivative for elec output 
(power decreasing) 
dt_startup = 900                    ; [s]            Duration of start-up period 
fuel_cons_startup = 0.02            ; [kmol]         Fuel consumption during start-up period 
elec_cons_startup = 0.001           ; [MJ]           Electrical consumption during start-up period 
elec_prod_startup = 0               ; [MJ]           Net DC electrical production during start-up 
period 
dt_cooldown = 900                   ; [s]            Duration of cool-down period 
fuel_cons_cooldown = 0.02           ; [kmol]         Fuel consumption during cool-down period 
elec_cons_cooldown = 0.001          ; [MJ]           Electrical consumption during cool-down period 
 
[AC_power_supply_to_FCPM_for_ancillaries] 
anc_0 = 0                           ; [W]            Coeff to polynomial determining FCPM AC 
ancillary power draw 
anc_1 = 0                           ; [W/(kmol/s)]   ditto 
 
[Fuel_supply_compressor] 
;y = 1.1643E+06x + 1.3494E-03 
compressor_0 =  1.3494E-03                    ; [W]            Coeff to polynomial that establishes 
compressor power draw 
compressor_1 =  1.1643E+06                    ; [W/(kmol/s)]   Ditto 
compressor_2 =  0                    ; [W/(kmol/s)2]  Ditto 
compressor_3 = -0                    ; [W/(kmol/s)3]  Ditto 
Compressor_heat_loss = 0             ; []             Ratio of heat loss from compressor to elec 
power supply 
 
[Air_supply] 
FCPM_air_supply_meth = -3            ; []             Method used to establish air supply to FCPM:  
;                                                     ; 1 = constant air excess ratio; 
;                                                     ; 2 = function of elec output 
;                                                     ; 3 = function of fuel supply 
;          ;-2 = function of elec output 3rd order, 
without air temperature dependency 
;          ;-3 = function of fuel supply 3rd order, 
without air temperature dependency 
lambda_FCPM_a = 0                   ; []             Excess air ratio 
;y = 2.880E-11x2 - 2.578E-07x + 1.165E-03 
; 
FCPM_air_0_b =  1.165E-03           ; [kmol/s]       Coeff to polynomial determining air supply 
FCPM_air_1_b =  -2.578E-07          ; [kmol/s/W]           Ditto 
FCPM_air_2_b =  2.880E-11           ; [kmol/s/W2]          Ditto 
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FCPM_air_3_b =  0                   ; [1/K] or [kmol/s/W3] Ditto 
;y = 6.754E+08x3 + 1.210E+06x2 + 1.071E+01x + 3.611E-05 
; !!! Attention, this is not to use with the official A42 version       !!! 
; !!! Here FCPM_air_3_c is misused as 3rd order polinomial coefficient  !!! 
; !!! --> therefore, use the correspondingly the patched version        !!!  
FCPM_air_0_c =  3.611E-05           ; [kmol/s]       Coeff to polynomial determining air supply 
FCPM_air_1_c =  1.071E+01           ; []                  Ditto 
FCPM_air_2_c =  1.210E+06           ; [(kmol/s)-1]        Ditto 
FCPM_air_3_c =  6.754E+08           ; [1/K]or [kmol/s/W3] Ditto 
 
[Air_supply_blower] 
;y = -1.0830E+10x3 + 1.3252E+08x2 + 1.1126E+06x + 6.8686E+02 
blower_0 =  6.8686E+02                        ; [W]            Coeff to polynomial that establishes 
blower power draw. 
blower_1 = 1.1126E+06                         ; [W/(kmol/s)]   Ditto 
blower_2 = 1.3252E+08                         ; [W/(kmol/s)2]  Ditto 
blower_3 =-1.0830E+10                         ; [W/(kmol/s)3]  Ditto 
Blower_heat_loss = 0                ; []             Ratio of heat loss from blower to elec power 
supply 
 
[Water_supply] 
FCPM_water_0 = 0                    ; [kmol/s]       Coeff to polynomial determing water supply 
FCPM_water_1 = 0                    ; []             Ditto 
FCPM_water_2 = 0                    ; [(kmol/s)-1]   Ditto 
 
[Water_pump] 
pump_0 = 0                          ; [W]            Coeff to polynomial that establishes pump power 
draw 
pump_1 = 0                          ; [W/(kmol/s)]   Ditto 
pump_2 = 0                          ; [W/(kmol/s)2]  Ditto 
pump_3 = 0                          ; [W/(kmol/s)3]  Ditto 
Pump_heat_loss = 1                  ; []             Ratio of heat loss from pump to elec power 
supply 
 
[Gas-to-water_heat_exchanger] 
HX_method = 1                       ; []             (1=HX fixe      Indicates which method is used 
to calculate heat exchange 
HX_eff = 0.95                     ; []             Fixed effectiveness 
HX_sen_0 = 224                      ; [W/K]          Coeffs to polynomial to calc UA 
HX_sen_1 = 0                        ; [W/K/(kmol/s)] Ditto 
HX_sen_2 = 0                        ; [W/K/(kmol/s)2]Ditto 
HX_sen_3 = 0                        ; [W/K/(kmol/s)] Ditto 
HX_sen_4 = 0                        ; [W/K/(kmol/s)2]Ditto 
HX_h0_gas = 0                       ; [(W/m2/K)]     HX coeff to gas at nominal gas flow 
HX_Ndot0_gas = 0                    ; [kmol/s]       Nominal gas flow rate 
HX_n = 0                            ; []             Exponent to gas flow rate 
HX_Area_gas = 0                     ; [m2]           Reference heat exchange area to gas 
HX_h0_water = 0                     ; [W/m2/K]       HX coeff to water at nominal water flow 
HX_Ndot0_water = 0                  ; [kmol/s]       Nominal water flow rate 
HX_m = 0                            ; []             Exponent to water flow rate 
HX_Area_water = 0                   ; [m2]           Reference heat exchange area to water 
HX_F = 0                            ; [K/W]          Adjustment factor 
HX_lat_1 = 2.5E-05                  ; [kmol/s/K]     Coeffs to polynomial to calc rate of 
condensation 
HX_lat_2 = -20.303E-05              ; [kmol/s/K]     ditto 
HX_T_cond_thresh = 36               ; [°C]           Temperature threshold for condensation 
 
[FCPM_skin_losses] 
FCPM_skin_loss_method = 1           ; []             Method used to determine skin losses from FCPM; 
1 = Constant skin loss; 2 = Function of temp. difference; 3 = Function of fuel flow rate 
FCPM_skin_loss_conv = 0.5           ; []             Fraction of heat loss that is convective 
FCPM_skin_0_a = 900                ; [W]            Skin loss 
FCPM_skin_0_b =                     ; [W/K]          UA-value 
;y = -1.8064E+11x2 + 2.7110E+07x + 2.5488E+01 
FCPM_skin_0_c = 2.5488E+01          ; [W]            coeff 
FCPM_skin_1_c = 2.7110E+07          ; [W/(kmol/s)]   Coeff to polynomial for `fuel flow' method 
FCPM_skin_2_c = -1.8064E+11         ; [W/(kmol/s)2]  Ditto 
 
[Auxiliary_burner] 
Auxburn_present = 0                 ; []             Indicates whether there is an auxiliary burner: 
0 = No;  1 = yes 
Auxburn_W_or_kmols = 1              ; []             Indicates how burner capacity is specified:   ; 
1 = heat output ;  2 = fuel input 
Auxburn_min_output_a = 1            ; [W]            Minimum operating point for burner 
Auxburn_max_output_a = 9500         ; [W]            Maximum operating point for burner 
Auxburn_min_output_b =              ; [kmol/s]       Minimum operating point for burner 
Auxburn_max_output_b =              ; [kmol/s]       Maximum operating point for burner 
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Auxburn_heat_to_where = 2           ; []             Indicates where the heat loss from the burner 
goes: ; 1 = room; 2 = FCPM air intake 
Auxburn_UA = 1.2                    ; [W/K]          Heat loss coefficient for burner 
Auxburn_anc_0 = 0                   ; [W]            Coeff to polynomial that determines burner 
ancillary power draw 
Auxburn_anc_1 = 0                   ; [W/(kmol/s)]   Ditto 
Auxburn_lambda = 2                  ; []             Auxiliary burner excess air ratio (-) 
 
[Dilution_air_system_and_associated_HRV] 
Dilution_present = 0                ; []             Indicates whether there is a dilution air 
system: ; 0 = No;  1 = yes 
Dilution_airflow = 0                ; [kmol/s]       Flow rate of dilution air 
Dilution_fanpower = 0               ; [W]            Electrical power of fan drawing dilution air 
Dilution_heattoair = 0              ; [W]            Heat transfer from FCPM to dilution air 
HRV_present = 0                     ; []             Indicates whether an HRV is present:; 0 = No;  
1 = yes 
HRV_freshairflow = 0                ; [kmol/s]       Flow rate of fresh air through HRV 
HRV_fanpower = 0                    ; [W]            Electrical power of fan drawing air through HRV 
HRV_effectiveness = 0               ; []             Effectiveness of gas-to-air heat exchange 
 
[Battery] 
battery_capacity = 0                ; [J]            Battery's energy storage capacity 
battery_max_charge_rate = 0         ; [W]            Max rate at which battery can be charged 
battery_max_discharge_r = 0         ; [W]            Max rate at which battery can be discharged 
battery_charge_eff = 1              ; []             Energetic efficiency during charging 
battery_discharge_eff = 1           ; []             Energetic efficiency during discharging 
battery_SOC_initial = 0.5           ; []             Battery's SOC (fraction of battery_capacity) at 
start of simulation 
battery_heat_to_room = 1            ; []             Indicates where heat loss from battery goes: ; 
1 = room; 2 = FCPM air intake 
 
[PCU] 
;PCU_u0 = 0.93                          ; []             Coeff to Coeff to polynomial to calculate 
efficiency of PCU 
;PCU_u0 = 1.                          ; []             Coeff to Coeff to polynomial to calculate 
efficiency of PCU 
PCU_u0 = 0.92                          ; []             Coeff to Coeff to polynomial to calculate 
efficiency of PCU 
PCU_u1 = 0.                         ; [1/W]          Ditto    Ditto 
PCU_u2 = 0.                         ; [1/W2]         Ditto    Ditto 
PCU_heat_to_room = 1                ; []             Indicates where heat loss from PCU goes:; 1 = 
room; 2 = FCPM air intake 
 
[Heat_extraction_for_stack_cooling_(PEMFC)] 
stack_cooling_present = 0           ; []             indicates whether there is a stack cooling 
system: ; 0 = No;  1 = yes 
T_stack = 0                         ; [°C]           Stack temperature 
T_stack_0 = 0                       ; [°C]           Nominal stack temperature 
s_cool_e_0 = 0                      ; []             Coeff to polynomial to calculate heat extracted 
from stack 
s_cool_e_1 = 0                      ; [1/K]          Ditto 
s_cool_e_2 = 0                      ; [1/W]          Ditto 
s_cool_e_3 = 0                      ; [1/W2]         Ditto 
UA_s_cool = 0                       ; [W/K]          UA value of stack cooling heat exchanger 
Mdot_s_cool_HX = 0                  ; [kg/s]         Massflow rate in stack cooling heat exchanger 
UA_s_cool_cogen = 0                 ; [W/K]          UA value of heat exchanger for cogen from stack 
cooling (if a constant value is used) 
Mdot_cogen_0 = 0                    ; [kg/s]         Nominal massflow rate in heat exchanger for 
cogen from stack cooling 
A_s_cogen = 0                       ; [m2]           Area of heat exchanger for cogen from stack 
cooling 
R_s_cogen = 0                       ; [K/W]          Constant part of heat exchanger resistant 
h_s_cogen_0 = 0                     ; [W/m2/K]       Nominal film heat transfer coefficient 
n_s_cogen = 0                       ; []             Exponent to water flow rate 
air_cool_f_0 = 0                    ; [W]            Coeff to polynomial to calculate electrical 
power consumption of air cooler fan 
air_cool_f_1 = 0                    ; []             Ditto 
air_cool_f_2 = 0                    ; [1/W]          Ditto 
s_cool_pump_heat_loss = 0           ; []             Ratio of heat loss of the stack cooling pump 
s_cool_pump_Pel = 0                 ; [W]            Electrical power consumption of the stack 
cooling pump 
AC_heat_to_where = 1                ; []             Indicates where heat loss from air cooler goes: 
; 1 = room; 2 = FCPM air intake 
 
[TRNSYS] 
log_elP = 0                         ; []             logical unit for electrical profile 
dt_elP = 900                        ; [s]            time interval of electrical profile 
log_sys = -999.99                   ; []             logical unit for FC system parameter file 
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[INPUT] 
 
[Control] 
ThLoad_follow_i = 0                 ; []             1 = thermal load following control; 0 = 
electrical  load following control 
P_AC_demand_i = 400                 ; [W]            active when ThLoad_follow = 0: ; net AC power 
demand 
P_Heat_demand_i = 20                ; [W]            active when ThLoad_follow = 1:; Heat demand 
P_aux_demand_i = 0                  ; [W]            required heat from burner 
 
[Source_and_sink_temperatures] 
T_blower_in_i = 20                  ; [°C]           temperature of air to blower and aux 
T_comp_in_i = 20                    ; [°C]           temperature of fuel to compressor and aux 
T_pump_in_i = 12                    ; [°C]           temperature of water from mains 
T_room_i = 20                       ; [°C]           room temperature 
T_fresh_air_i = -999.99             ; [°C]           temperature of ventilation air 
T_dilution_air_in_i = -999.99       ; [°C]           temperature of dilution air 
T_HX_water_in_i = 30                ; [°C]           water temperature at HX inlet 
T_HX_stack_water_in = -999.99       ; [°C]           water temperature at HX inlet of stack cooling 
system 
 
[Flow_rates] 
Mdot_HX_liqwater_i = 0.01           ; [kg/s]         water mass flow rate at HX inlet 
Mdot_s_cogen_i = 0                  ; [kg/s]         water mass flow rate at HX inlet of stack 
cooling system 
 
[Fuel_constituents] 
chi_fuel_H2_i = 0                   ; []             Molar fraction of hydrogen 
chi_fuel_CH4_i = 1                  ; []             Molar fraction of methans 
chi_fuel_C2H6_i = 0.0               ; []             Molar fraction of ethane 
chi_fuel_C3H8_i = 0.0               ; []             Molar fraction of propane 
chi_fuel_C4H10_i = 0.0              ; []             Molar fraction of butane 
chi_fuel_C5H12_i = 0.0              ; []             Molar fraction of pentane 
chi_fuel_C6H14_i = 0.0              ; []             Molar fraction of hexane 
chi_fuel_CH3OH_i = 0                ; []             Molar fraction of methanol 
chi_fuel_C2H5OH_i = 0               ; []             Molar fraction of ethanol 
chi_fuel_CO2_i = 0.0                ; []             Molar fraction of carbon dioxide in fuel 
(inert) 
chi_fuel_N2_i = 0.0                 ; []             Molar fraction of nitrogen in fuel (inert) 
chi_fuel_O2_i = 0.0                 ; []             Molar fraction of oxygen in fuel (inert) 
 
[Air_constituents] 
chi_air_N2_i = 0.79               ; []             Molar fraction of nitrogen 
chi_air_O2_i = 0.21               ; []             Molar fraction of oxygen 
chi_air_H2O_i = 0.00              ; []             Molar fraction of water vapour 
chi_air_Ar_i = 0.000              ; []             Molar fraction of argon 
chi_air_CO2_i = 0.00              ; []             Molar fraction of carbon dioxide 
 
 

Type 154, Annex 42 combustion based CHP model (separate parameter 
input file)  
; CHP Senertec ICE 

[PARAMETER] 

 

fPower_Out_MAX=5500                       ;  1 System maximum power (W)                                       
fPower_Out_MIN=0                          ;  2 System minimum power (W)                                       
fCW_temperature_MAX=98                    ;  3 Maximum cooling water outlet temp (oC)                         
iFuel_type=2                              ;  4 Fuel type (1: liquid fuel, 2: gaseous mixture)                 
fFuel_LHV=4.30E+07                        ;  5 Liquid fuel heating value  (J/kg):                             
fFuel_CO2_intensity=0                     ;  6 Liquid fuel CO2 factor (kg CO2 / kg fuel):                     
fFuel_Composition(iHydrogen) =0           ;  7 % hydrogen in fuel gas mixture (mol/mol)                       
fFuel_composition(iMethane) =0.9476       ;  8 % methane in fuel gas mixture (mol/mol)                        
fFuel_composition(iEthane)=2.70E-02       ;  9 % ethane in fuel gas mixture (mol/mol)                         
fFuel_composition(iPropane)=2.30E-03      ; 10 % propane in fuel gas mixture (mol/mol)                        
fFuel_composition(iButane)=0              ; 11 % butane in fuel gas mixture (mol/mol)                         
fFuel_composition(iPentane)=0             ; 12 % pentane in fuel gas mixture (mol/mol)                        
fFuel_composition(iHexane)=0              ; 13 % hexane in fuel gas mixture (mol/mol)                         
fFuel_composition(iMethanol)=0            ; 14 % methanol in fuel gas mixture (mol/mol)                       
fFuel_composition(iEthanol)=0             ; 15 % ethanol  in fuel gas mixture (mol/mol)                       
fFuel_composition(iC_Monoxide)=0          ; 16 % carbon monoxide in fuel gas mixture (mol/mol)                
fFuel_composition(iC_Dioxide)=5.50E-03    ; 17 % carbon dioxide in fuel gas mixture (mol/mol)                 
fFuel_composition(iNitrogen)=1.76E-02     ; 18 % nitrogen in fuel gas mixture (mol/mol)                       
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fFuel_composition(iOxygen )=0             ; 19 % oxygen in fuel gas mixture (mol/mol)                         
fFuel_Flow_Change_MAX=-1                  ; 20 Max rate of change in fuel flow (kg/s^2)                       
fGross_Power_Change_MAX=-1                ; 21 Max rate of change in power output (W/s)                       
fEffective_MC_engine=63605.6              ; 22 Power system thermal mass (J/K)                                
fEffective_UA_HX=741.                     ; 23 Effective heat recovery UA coefficient (W/K)                   
fEffective_UA_loss=13.7                   ; 24 Effective heat loss UA coefficient (W/K)                       
fEffective_MC_HX=1000.7                   ; 25 Heat exchanger thermal mass (J/K)                              
fPeriod_duration(iOP_startup) =90         ; 26 Startup period duration (s)                                    
fPeriod_duration(iOP_shutdown)=1500       ; 27 Cool-down period duration (s)                                  
iCooldown_mode=2                          ; 28 Cool-down period mode (1: Mandatory, 2: optional)              
fPeriod_AC_Power=-17                      ; 29 Electric output at cool-down (W)                               
fPeriod_AC_Power=-17                      ; 30 Net electrical output in standby mode (W)                      
fCorr_MIN_Power_OUT=5000                  ; 31 Power output correlation minimum bound (W)                     
fCorr_MAX_Power_OUT=5500                  ; 32 Power output correlation maximum bound (W)                     
fCorr_MIN_CW_temp=34.7                    ; 33 Cooling water temperature correlation minimum bound 
(oC)       
;fCorr_MAX_CW_temp=79.5                   ; 34 Cooling water temperature correlation maximum bound 
(oC)       
fCorr_MAX_CW_temp=98                      ; 34 Cooling water temperature correlation maximum bound 
(oC)       
fCorr_MIN_CW_flow=0                       ; 35 Cooling water flow correlation minimum bound (kg/s)            
fCorr_MAX_CW_flow=0.217                   ; 36 Cooling water flow correlation maximum bound (kg/s)            
fPM_elec_coeff_a0=0.27         ; 37 Performance map: Elec. efficiency correlation coeff. a0        
fPM_elec_coeff_a1=0            ; 38 Performance map: Elec. efficiency correlation coeff. a1        
fPM_elec_coeff_a2=0            ; 39 Performance map: Elec. efficiency correlation coeff. a2        
fPM_elec_coeff_a3=0            ; 40 Performance map: Elec. efficiency correlation coeff. a3        
fPM_elec_coeff_a4=0            ; 41 Performance map: Elec. efficiency correlation coeff. a4        
fPM_elec_coeff_a5=0            ; 42 Performance map: Elec. efficiency correlation coeff. a5        
fPM_elec_coeff_a6=0            ; 43 Performance map: Elec. efficiency correlation coeff. a6        
fPM_elec_coeff_a7=0            ; 44 Performance map: Elec. efficiency correlation coeff. a7        
fPM_elec_coeff_a8=0            ; 45 Performance map: Elec. efficiency correlation coeff. a8        
fPM_elec_coeff_a9=0            ; 46 Performance map: Elec. efficiency correlation coeff. a9        
fPM_elec_coeff_a10=0           ; 47 Performance map: Elec. efficiency correlation coeff. a10       
fPM_elec_coeff_a11=0           ; 48 Performance map: Elec. efficiency correlation coeff. a11       
fPM_elec_coeff_a12=0           ; 49 Performance map: Elec. efficiency correlation coeff. a12       
fPM_elec_coeff_a13=0           ; 50 Performance map: Elec. efficiency correlation coeff. a13       
fPM_elec_coeff_a14=0           ; 51 Performance map: Elec. efficiency correlation coeff. a14       
fPM_elec_coeff_a15=0           ; 52 Performance map: Elec. efficiency correlation coeff. a15       
fPM_elec_coeff_a16=0           ; 53 Performance map: Elec. efficiency correlation coeff. a16       
fPM_elec_coeff_a17=0           ; 54 Performance map: Elec. efficiency correlation coeff. a17       
fPM_elec_coeff_a18=0           ; 55 Performance map: Elec. efficiency correlation coeff. a18       
fPM_elec_coeff_a19=0           ; 56 Performance map: Elec. efficiency correlation coeff. a19       
fPM_elec_coeff_a20=0           ; 57 Performance map: Elec. efficiency correlation coeff. a20       
fPM_elec_coeff_a21=0           ; 58 Performance map: Elec. efficiency correlation coeff. a21       
fPM_elec_coeff_a22=0           ; 59 Performance map: Elec. efficiency correlation coeff. a22       
fPM_elec_coeff_a23=0           ; 60 Performance map: Elec. efficiency correlation coeff. a23       
fPM_elec_coeff_a24=0           ; 61 Performance map: Elec. efficiency correlation coeff. a24       
fPM_elec_coeff_a25=0           ; 62 Performance map: Elec. efficiency correlation coeff. a25       
fPM_elec_coeff_a26=0           ; 63 Performance map: Elec. efficiency correlation coeff. a26       
fPM_ther_coeff_b0=0.66         ; 64 Performance map: Themal efficiency correlation coeff. b0       
fPM_ther_coeff_b1=0            ; 65 Performance map: Themal efficiency correlation coeff. b1       
fPM_ther_coeff_b2=0            ; 66 Performance map: Themal efficiency correlation coeff. b2       
fPM_ther_coeff_b3=0            ; 67 Performance map: Themal efficiency correlation coeff. b3       
fPM_ther_coeff_b4=0            ; 68 Performance map: Themal efficiency correlation coeff. b4       
fPM_ther_coeff_b5=0            ; 69 Performance map: Themal efficiency correlation coeff. b5       
fPM_ther_coeff_b6=0            ; 70 Performance map: Themal efficiency correlation coeff. b6       
fPM_ther_coeff_b7=0            ; 71 Performance map: Themal efficiency correlation coeff. b7       
fPM_ther_coeff_b8=0            ; 72 Performance map: Themal efficiency correlation coeff. b8       
fPM_ther_coeff_b9=0            ; 73 Performance map: Themal efficiency correlation coeff. b9       
fPM_ther_coeff_b10=0           ; 74 Performance map: Themal efficiency correlation coeff. b10      
fPM_ther_coeff_b11=0           ; 75 Performance map: Themal efficiency correlation coeff. b11      
fPM_ther_coeff_b12=0           ; 76 Performance map: Themal efficiency correlation coeff. b12      
fPM_ther_coeff_b13=0           ; 77 Performance map: Themal efficiency correlation coeff. b13      
fPM_ther_coeff_b14=0           ; 78 Performance map: Themal efficiency correlation coeff. b14      
fPM_ther_coeff_b15=0           ; 79 Performance map: Themal efficiency correlation coeff. b15      
fPM_ther_coeff_b16=0           ; 80 Performance map: Themal efficiency correlation coeff. b16      
fPM_ther_coeff_b17=0           ; 81 Performance map: Themal efficiency correlation coeff. b17      
fPM_ther_coeff_b18=0           ; 82 Performance map: Themal efficiency correlation coeff. b18      
fPM_ther_coeff_b19=0           ; 83 Performance map: Themal efficiency correlation coeff. b19      
fPM_ther_coeff_b20=0           ; 84 Performance map: Themal efficiency correlation coeff. b20      
fPM_ther_coeff_b21=0           ; 85 Performance map: Themal efficiency correlation coeff. b21      
fPM_ther_coeff_b22=0           ; 86 Performance map: Themal efficiency correlation coeff. b22      
fPM_ther_coeff_b23=0           ; 87 Performance map: Themal efficiency correlation coeff. b23      
fPM_ther_coeff_b24=0           ; 88 Performance map: Themal efficiency correlation coeff. b24      
fPM_ther_coeff_b25=0           ; 89 Performance map: Themal efficiency correlation coeff. b25      
fPM_ther_coeff_b26=0           ; 90 Performance map: Themal efficiency correlation coeff. b26      
iCW_Loop_configuration=2       ; 91 Cooling water loop: pump configuration (1= internal, 2= extern 
fPM_flow_coeff_c0=0            ; 92 Performance map: cooling water flow correlation coeff. c0      
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fPM_flow_coeff_c1=0            ; 93 Performance map: cooling water flow correlation coeff. c1      
fPM_flow_coeff_c2=0            ; 94 Performance map: cooling water flow correlation coeff. c2      
fPM_flow_coeff_c3=0            ; 95 Performance map: cooling water flow correlation coeff. c3      
fPM_flow_coeff_c4=0            ; 96 Performance map: cooling water flow correlation coeff. c4      
fPM_flow_coeff_c5=0            ; 97 Performance map: cooling water flow correlation coeff. c5      
fPM_flow_coeff_c6=0            ; 98 Performance map: cooling water flow correlation coeff. c6      
fPM_flow_coeff_c7=0            ; 99 Performance map: cooling water flow correlation coeff. c7      
fPM_flow_coeff_c8=0            ;100 Performance map: cooling water flow correlation coeff. c8      
fPM_air_coeff_d0=0             ;101 Performance map: Combustion air correlation coefficient d0 (kg 
fPM_air_coeff_d1=0             ;102 Performance map: Combustion air correlation coefficient d1 (-) 
fPM_air_coeff_d2=0             ;103 Performance map: Combustion air correlation coefficient d2 ( 1 
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d) TRNSYS Simulation Studio model configurations 

FC based system with two heat storages and active layers for heat/cold 
distribution  
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FC based system with one heat storage and fancoil for heat/cold 
distribution  
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Ground coupled HP system with free cooling 
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PolySMART® is a project partly funded by the European Union where 32 partners collaborate in 
order to develop a set of technical solutions for a new market segment for poly-generation, in 
particular the market for small tri-generation systems. 
 
The main objectives of operation of this combined system called “Combined heating, cooling and 
power (CHCP)” are the following: 
 

• To reduce the consumption of conventional energy for cooling by use of waste heat from a 
co-generation system in combination with a thermally driven cooling process. 

• Thereby to improve the economic viability of the entire system by an increase of the annual 
operation time of the CHP unit.  

 
CHCP technology already exists on a large scale, mainly for industrial applications and some 
district cooling applications. The goal within PolySMART is to develop further application areas 
using small-scale CHCP systems in the commercial, tertiary and residential sectors. 
 
This report was produced as part of the Deliverable D5-5 of WP5. 
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1 Summary 
The PolySMART demonstration system SP1b has been modeled in TRNSYS and calibrated 
against monitored data. The system is an example of distributed cooling with centralized CHP, 
where the driving heat is delivered via the district heating network. The system pre-cools the 
cooling water for the head office of Borlänge municipality, for which the main cooling is supplied by 
a 200 kW compression chiller. The SP1b system thus provides pre-cooling. It consists of 
ClimateWell TDC with nominal capacity of 10 kW together with a dry cooler for recooling and heat 
exchangers in the cooling and driving circuits. The cooling system is only operated from 06:00 to 
17:00 during working days, and the cooling season is generally from mid May to mid September. 
The nominal operating conditions of the main chiller are 12/15°C. 

The main aims of this simulation study were to: reduce the electricity consumption, and if possible 
to improve the thermal COP and capacity at the same time; and to study how the system would 
perform with different boundary conditions such as climate and load. 

The calibration of the system model was made in three stages: estimation of parameters based on 
manufacturer data and dimensions of the system; calibration of each circuit (pipes and heat 
exchangers) separately using steady state point; and finally calibration of the complete model in 
terms of thermal and electrical energy as well as running times, for a five day time series of data 
with one minute average data values. All the performance figures were with 3% of the measured 
values apart from the running time for the driving circuit that was 4% different. However, the 
performance figures for this base case system for the complete cooling season of mid-May to mid-
September were significantly better than those for the monitoring data. This was attributed to long 
periods when the monitored system was not in operation and due to a control parameter that 
hindered cold delivery at certain times.  

Using the calibrated base case, the following parametric studies were performed: 

a. Use of high efficient pumps 

b. Variation of flow in the driving, recooling and cooling circuits. 

c. 4th and 5th generation TDC (4th generation was installed in the SP1b system, 
whereas 5th generation was installed in the SP1a system). 

d. Set temperature for return from the recooling circuit (THrRl,set). 

e. Flow temperature from the cooling distribution circuit (TCdnFl). 

f. Available driving temperature from the district heating system (TDhFl). 

g. Balance temperature for starting cooling (TOAbalance). 

h. Possible operation at time of the day, all days of the week (24/7 operation). 

i. Climate (Borlänge, Stockholm, Gothenburg, Copenhagen, Berlin, Madrid). 

The simulations showed that the electrical COP of the system can be improved by the following 
measures: 

• Installation of high efficiency pumps: increase from 2.13 to 2.64. 

• Reduction of the set point for the return temperature of the dry cooler from 27 to 24°C: 2.64 
to 2.74. 

Reducing the flow rate in the external circuits caused a reduction in the electrical COP. 
Replacement of the 4th generation TDC with the 5th generation TDC, which has lower pressure 
drops and very little power consumption internally, resulted in an increase of the system electrical 
COP from 2.64 to 5.27. However, this also resulted in a reduced thermal COP from 0.447 to 0.297. 
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As the reference system is a compression chiller with a COP of 2.7, all systems that have an 
electrical COP of less than 2.7 have a higher electricity consumption than the reference system. 
The best case with 4th generation TDC and the boundary condition for the SP1b system had an 
electrical COP of 2.74. 

From the parametric studies on the boundary conditions the following can be concluded: 

• The 4th generation TDC has better thermal COP but worse electrical COP than the 5th 
generation TDC. 

• Increased operation time due to reduced cooling balance temperature and when cooling is 
to be supplied at any time of the day, every day (24/7), leads to a significant increase in 
delivered cold as well as improved electrical and thermal COP’s.  

•  The electrical COP increases if the return temperature from the cooling distribution has a 
higher temperature. This effect is more pronounced for the 5th generation TDC, for which 
the thermal COP also increases. In contrast the 4th generation machine has a thermal COP 
that is more or less independent of this temperature level. 

• Increased driving temperature increases significantly the electrical and thermal COP of the 
5th generation TDC as well as delivered cold. There is only a small increase for the 4th 
generation TDC. 

• For the following realistic boundary conditions (base case in parentheses), the electrical 
and thermal COP’s increased from 2.74 to 5.53 and 0.483 to 0.522 respectively for the 4th 
generation TDC and from 5.01 to 7.46 and 0.327 to 0.432 respectively for the 5th generation 
TDC. Additionally the delivered cold increased from 2320 to 8670 and 2080 to 7740 kWh 
for the 4th and 5th generation TDC’s respectively.  

o Driving temperature of 90°C (77.7°C), cooling balance temperature of 10°C (13°C), 
return from cooling distribution of 14°C (13°C) and with possible operation 24/7 
(office hours from 06-17) . 

Finally it was shown that the thermal COP does not vary with climate but that the electrical COP is 
lower for hotter climates due to increased use of the dry cooler fan. The delivered cold however, is 
much greater for the hotter climates. It was also shown that for the more appropriate boundary 
conditions, the differences in the performance figures for the 4th and 5th generation TDC’s was 
much smaller and that for both of them the electrical COP was significantly higher than that of the 
base case system. 
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2 Introduction 
SP1b demonstration system consists of a ClimateWell thermally driven chiller (TDC) supplied by 
heat from the district heating system that pre-cools chilled water for the head office of Borlänge 
municipality using heat from a centralized CHP plant. The evaluated system is thus only a part of 
the total cooling system and does not operate during the winter. The cooling system is only 
operated from 06:00 to 17:00 during working days, and the cooling season is generally from mid 
May to mid September. The nominal operating conditions of the main chiller are 12/15°C.  

The demonstration system is owned by the utility Borlänge Energi and has been designed by the 
consulting company Ångpannaföreningen (ÅF) subcontracted by ClimateWell AB. The main chiller 
is owned by the housing company, Hushagen. The Solar Energy Research Center SERC has 
installed the monitoring equipment and assisted to a limited extent in the design of the system. The 
site was identified at the end of 2006 and installation commenced during the late spring of 2007, 
with hydraulics being completed in July 2007, when the initial testing was started. The plumbing 
work was carried out by the company YIT and the electrical connections by BeLoEl. The system 
was tested during the rest of the cooling season in 2007 and commissioned in June 2008.  

The principle conclusions from the monitoring period were that the system worked well but at lower 
capacity than the nomial capacity of the TDC due to the boundary conditions for the system. This 
also resulted in lower than nominal thermal COP values. However, the main result was the poor 
electrical COP of the system. This was due to relatively large electrical energy use in the pumps, 
the TDC itself as well as the fan for the heat rejection unit (dry cooler).  

The main aims of this simulation study were to: reduce the electricity consumption, and if possible 
to improve the thermal COP and capacity at the same time; and to study how the system would 
perform with different boundary conditions such as climate and load. 

3 Nomenclature and symbols 
The nomenclature defined in WP4 (D4.2) is used throughout this document. Other symbols are 
explained at the point of reference 

4 Performance evaluation procedure 
The performance evaluation is focused on an energy analysis of the system. The CO2 emissions 
and non-renewable primary energy use are essentially zero as the district heating network is 
supplied by a mixture of surplus heat from local industries together with heat from the centralized 
CHP plant that has municipal waste as fuel. 

The following steps were made in the system study. Note that in all cases the simulated system 
provided pre-cooling to a much larger system, essentially meaning that the TDC supplies at its 
highest capacity all the time when cooling is needed. 

1. Subsystem calibration. The three subsystems for the driving, recooling and cooling circuits 
to the TDC were calibrated against the measured data in terms of energy balance using a 
range of steady state values from different operating states. The UA-values of the heat 
exchangers and of the pipes are the parameters that were varied in the calibration process. 

2. Determination of the power use of the fan in the dry cooler as a function of the air flow. This 
was carried out based on the identified dry cooler parameters, measured weather data and 
inlet/outlet temperatures together with average electrical energy use for quasi steady state 
periods.  
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3. The flow temperature from the cooling distribution loop coming from the air handling units 
(TCdnFl) was analysed and a simple correlation between TCdnFl and ambient temperature was 
derived.  

4. The complete system model was then calibrated against a five day dynamic measurement 
sequence from a hot period. As the TDC has significant internal thermal storage, the 
starting state of charge had to be determined for each of the two internal storage units 
(barrels). The main criteria for calibration were the thermal and electrical energies of the 
whole system. The parameters that were varied in order to gain a good fit were the control 
parameters for TDC, electrical power of components, UA-values for the TDC heat 
exchangers and losses from the internal stores. 

5. Simulation of the system for the complete cooling system with weather data (Meteonorm) 
for the location of Borlänge. These values gave higher COP’s than the monitored ones so a 
check was done for similar period of weather in the data file as that for the 5-day calibration 
period of step 2. This showed good agreement. 

6. The resulting system was defined as the base case. The first study was to change to high-
efficiency pumps, resulting in a new HEP base case  (high efficiency pumps). Using this 
new base as starting point a number of parametric studies were performed. 

7. Finally a new version of the system was created using the latest version of the ClimateWell 
chiller (5th Generation) – 5G base case. For this the basic control parameters were adjusted 
to give reasonable performance. This essentially consisted of optimizing the state of charge 
for the swap between charge/discharge. This is dependent on the driving temperature from 
the district heat. This model was then used for a range of parametric studies: 

 

4.1 Modeling approach for system simulation 
This study used detailed dynamic modelling with TRNSYS in order to attain results for the whole 
cooling season for different boundary and operating conditions. The basic dynamics of the system 
are accounted for with thermal masses for pipes as well as chemical storage in the TDC. However, 
validation of the 4th generation TDC model (Bales and Ayadi, 2009) showed that the model does 
not predict very accurately for the first 5-10 minutes of a 4-8 hour charge/discharge period, while 
averages for normal length cycles are realistic. The validation of the 5th generation model showed 
similar weaknesses (see Polysmart D5.3) for the start of charge and discharge. 

As the demonstration plant provides pre-cooling for a much bigger chiller, the TDC is always 
operating at the maximum capacity for the current boundary conditions. Therefore no modeling of 
the building, auxiliary chiller or cold distribution was made. Instead the temperature of the fluid 
returning from the air handling unit was modeled with a correlation based on measured data. 
Similarly, the supply temperature from the district heating network was modeled using a constant 
supply temperature, the average for the complete cooling season.  

5 Performance criteria and figures 
Specification of energy performance figures according to PolySMART standard defined in WP 4 
and 5. 

6 Description of climate, buildings and loads 
The building served by SP1b is the city hall for the municipality of Borlänge, Sweden. The building, 
built in 1976 to the then current building regulations, comprises six wings with a total floor area of 
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15.600 m2. Approximately 330 people work there in an office environment. The total annual heat 
load is approximately 1.600 MWh and electricity demand 1.700 MWh. No statistics are available for 
the cooling load. Active cooling is only required when the ambient temperature is above ~13°C. 
Cooling is supplied via air handling units, one for each of the six wings, using chilled water supplied 
from the central chiller system, located in the same technical room as the district heat substation. 
The cooling distribution system is designed for 12°C supply temperature and is in operation 
between 06:00 and 17:00 weekdays. The SP1b system is an addition to this existing system and is 
connected to the cooling supply via a heat exchanger. The TDC is only used for cooling.  

7 Description of systems 
The hydraulic layout can be seen in Fig 1, together with the monitoring points. It is a very simple 
system comprising the TDC, a dry cooler for heat rejection and heat exchangers between the TDC 
and district heat supply and cold distribution. SP1b is an addition to the already existing, and much 
larger, cooling system. This original system is not modeled. Table 1 summarizes the various parts 
of the system. 

 

 

Fig 1: Hydraulic scheme for the demonstration system SP1b showing placement of sensors.  
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Table 1: Summary of main components in system SP1b. 

Item Description 
 

CHP Municipal waste fired CHP plant produces heat and electricity and heat that is 
districted via the district heating system. The TDC system is supplied with district 
heating via a heat. Flow from the district heat network is only turned on via a solenoid 
valve when the TDC is being charged. There is no other flow control. The average 
supply temperature during the monitoring period was 77.7°C. 

TDC The TDC is a ClimateWell 10 from 2007, comprising two identical barrels each with 
reactor, condenser/evaporator and stores for water and salt (LiCl). The machine 
operates in batch mode with one barrel being charged while the other can supply 
cooling. The cycle times of the charge/discharge cycle is of the order of 5-8 hours due 
to the large storage capacity (25 kWh cold) for each barrel. The nominal cooling 
capacity of the TDC is 10 kW, but for the given boundary conditions of the system it is 
only max. 8 kW. The TDC chills the return water from the main cooling supply via a 
heat exchanger, and thus precools the water to the main chiller (~200 kW). 

Heat 
rejection 

The heat rejection for the system is with a dry cooler (Flexcoil VTHD) with design 
capacity of 25 kW at 27°C ambient temperature with 35/30°C fluid temperatures at a 
flow rate of 0.5 kg/s. The dry cooler fan (560 W) is controlled on/off to maintain a 
return temperature of 26°C (hysteresis 2°C). 

Storage The TDC has integral storage of 25 kWh cool per barrel and so there is no additional 
storage in the system. 

Cold 
distribution 
system 
 

Cooling is supplied via air handling units, one for each of the six wings, using chilled 
water supplied from the central chiller system, located in the same technical room as 
the district heat substation. The cooling distribution system is designed for 12°C 
supply temperature and is in operation between 06:00 and 17:00 weekdays. The 
studied system is an addition to this existing system and is connected to the cooling 
supply via a heat exchanger, the heating system being unaffected. The TDC is only 
used for cooling. The return temperature from the cold distribution system varies 
dependent on the load (outdoor ambient temperature) and operation of the main 
compression chiller. 

 

The reference system is defined as being the existing compression chiller. No performance data 
are available for the machine. A COPel of 2.7 has been assumed, based on measured data for a 
chiller of similar size and age in Sweden (STEM, 2007, p58).  

Thus all results with a COPel,sys lower than 2.7 result in an increase in electrical consumption in 
comparison to the reference system. 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 126 

 

8 Description and modelling of system components 
The complete TRNSYS system model is shown in Fig 2, not including the output components. 
Details of the calibration of parameter values is given in the Appendix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: TRNSYS studio representation of base case system model with main subsystems 
marked. 

8.1 Centralised  CHP Model 
Simplified model: Type 5 with constant inlet temperatures and flow on hot (district heat) side. 

This is not modeled explicitly, rather a constant temperature of 77.7°C, the measured average for 
the monitoring period, is supplied to the heat exchanger in driving circuit. The flow rate on the 
district heat side is also constant with the measured flow of 941 kg/hr during charging of the TDC. 
At other times it is zero. The UA-value for the heat exchanger, modeled as a counter flow heat 
exchanger of Type 5, was identified to be 5850 W/K based on monitored data. 

8.2 TDC and cold storage 
Detailed model: Types 215 and 216 for 4th generation TDC and Types 825 and 826 for 5th 
generation. 

The TDC is modeled as a grey box model using two different TRNSYS components: Type 215 for 
the so called barrel containing reactor, evaporator/condenser, and storages for water and LiCl 
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solution; and Type 216 for the switching unit/controller. In a complete TDC there are two barrels 
and a switching unit, and this is reflected in the TDC model. The models are described in more 
detail by Bales and Ayadi (2009), who also show the validation results. All parameter values used 
in this study are the same apart from the UA-values for heat transfer for charge/discharge and for 
losses to ambient. These were adjusted in order to give good agreement with the monitoring data 
from SP1b. The TDC has cold storage as an integral part of each barrel, and no other storage is 
included in the system model. The 5th generation TDC was simulated using parameter values 
derived from lab testing (see deliverable D5.3 for more details). 

8.3 Pipes and cold distribution 
Simplified model: Two pipes (Type 31) in each circuit (flow and return) together with a counter flow 
heat exchanger (Type 5) with constant UA-value. 

Two pipes are included in each circuit. The size and approximate UA-value for losses were 
estimated based on the data for the SP1b system, but UA-values were adjusted in order to give 
good agreement with the monitored data. This was done for each circuit independently using data 
from quasi steady state operation. The size (thus dynamics) were not adjusted based on monitored 
data. 

Cold distribution was not modeled explicitly, rather the flow (FCdn) was a constant 1116 kg/hr 
during operation (when TOA was above 13°C during 06:00 to 17:00 on office days) and the return 
temperature from the cold distribution (TCdnFl) used the following correlation derived from monitored 
data (see Appendix).  

TCdnFl = (13.0 - 0.5*LT(Toa,20.0)*(20-Toa)/7  + GE(Toa,20.0)*(Toa-20) ) 

The counter flow heat exchanger was modeled with Type 5, and the UA-value was identified as 
4180 W/K. 

 

8.4 Heat Rejection 
Detailed model: Type 52 for dry cooler 

Type 52 was used for modeling the dry cooler. Parameters were derived based on the 
manufacturer’s data and then adjusted to fit with the monitored data together with the heat loss 
coefficient of the connecting pipes.  

 

8.5 Electrical model: TDC, Pumps and fans 
Detailed model: No specific types. Implemented in equations and as parameters in existing 
models. 

The power of the pumps was estimated based on the nominal powers, the measured flows, the 
pump curves and the measured electrical energy use, which was for all pumps together and not 
individually. These values were then applied as the pump power in each of the pumps of Type 3 in 
the system model. The following table shows the identified values (Ppump), values for high efficiency 
pumps, Grundfos Magma (Ppump,HE), together with the flow rates and pressure drops for the whole 
circuit (dPtot) as well as the TDC itself (dPTDC), and the equivalent electrical power based on the 
agreed upon nominal efficiency of 0.3 (PTDC). It was assumed that 50% of the pump power was 
converted to heat that was transferred to the fluid circuit. 
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Table 2: Pressure drops and pump power for the three circuits coupled to the 4th generation 
TDC. 

Electrical Power and Pressure Drop for Circuits using 4th Generation ClimateWell 

Circuit 
Flow 
[kg/hr] 

dPtot  
[kPa] 

dPTDC 
[kPa] 

Ppump  
[W] 

Ppump,HE  
[W] 

PTDC  
[W] 

Dc  732  40  26  90  90  18 
Rc  1360  38  38  190  190  54 
Cc  1560  60  30  145  145  38 

 

The electrical power of the high efficient pumps was estimated also for the system variations with 
the 5th generation ClimateWell machine by assuming the same flows and pressure drops in the 
external part of the circuit and recalculating the total pressure drop with the new TDC. This resulted 
in lower pressure drops and thus lower power in the pumps. 

Table 3: Pressure drops and pump power for the three circuits coupled to the 5th generation 
TDC. 

Electrical Power and Pressure Drop for Circuits using 5th Generation ClimateWell 

Circuit 
Flow 
[kg/hr] 

dPtot  
[kPa] 

dPTDC 
[kPa] 

Ppump  
[W] 

Ppump,HE  
[W] 

PTDC  
[W] 

Dc  732  20  26  ‐  41  4 
Rc  1360  45  38  ‐  99  18 
Cc  1560  60  30  ‐  76  38 

 

The power use of the 4th generation TDC is calculated according to the following equation, based 
on monitored data: 

PTDC = 153 + 30 * GT(FTdcCc, 0.0) [W] 

For the 5th generation TDC, the power is a constant 18 W (manufacturer’s data). 

For the dry cooler, the monitored electrical use as well as inlet and outlet conditions for the water 
loop and the inlet conditions for the air were used in a model of the recooling circuit. A PID 
controller was used to control the air mass flow to give the monitored return temperature. The 
results were then used to derive the following correlation of the fan power dependent on the air 
mass flow. 

261001.4112.07.37 airairHr mmP && ⋅×−⋅+−= −   [W], based on air flow in kg/hr. 
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8.6 Components for system control 
Forcing functions:  

Detailed model: Type 14 

Two forcing functions together with an equation were used to determine when cooling was 
possible. These limited cooling to be able to occur during the period 06:00 to 17:00 on office days 
(no holidays were implemented as the cooling system was on during the whole summer). 
Additionally cooling is only turned on when the outside ambient temperature is above 13°C. 

PID controller:  

Detailed model: Type 23 

A PID regulator of Type 23 was used to maintain a constant return water temperature of 27°C from 
the dry cooler by varying the air mass flow. This approximated the action of the real on/off control 
at 26/28°C. 

TDC control: 

Detailed model: Type 216 / 826 for 4th/5th generation TDC 

 

9 Matrix of cases 
Using the calibrated base case, the following parametric studies were performed: 

j. Use of high efficient pumps 

k. Variation of flow in the driving, recooling and cooling circuits. 

l. Set temperature for return from the recooling circuit (THrRl,set). 

m. Flow temperature from the cooling distribution circuit (TCdnFl). 

n. Available driving temperature from the district heating system (TDhFl). 

o. Balance temperature for starting cooling (TOAbalance). 

p. Possible operation at time of the day, all days of the week (24/7 operation). 

q. Climate (Borlänge, Stockholm, Gothenburg, Copenhagen, Berlin, Madrid). 

 

Using the base case with the 5th generation TDC, the following parametric studies were performed: 

a. Set temperature for return from the recooling circuit (THrRl,set). 

b. Flow temperature from the cooling distribution circuit (TCdnFl). 

c. Available driving temperature from the district heating system (TDhFl). 

d. Balance temperature for starting cooling (TOAbalance). 

e. Possible operation at time of the day, all days of the week (24/7 operation). 

f. Climate (Borlänge, Stockholm, Gothenburg, Copenhagen, Berlin, Madrid). 
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10 Results 

10.1 Base case system 
Table 4 shows the main energy performance figures for the base case system. This is the system 
that has been calibrated against the monitored data and then been simulated with the same 
boundary conditions, but for the whole cooling season, defined as being from mid-May to mid-
September (3240 – 6216 hours). The figures for COP for the whole season are better than those 
derived from the monitoring data for the following reasons: 

• The monitored system had a relatively long period when no cold was delivered due to an 
electrical fault in a relay, however the TDC was charged during this period and additionally 
used significant amounts of electricity for the internal pumps. 

• A fault in the internal controller for the TDC limited the operation of the TDC at certain 
times, often at the start of the day, resulting in reduced cooling output. 

Table 4: Summary of main performance figures for the base case system, which has the 
same system and boundary conditions as the SP1b monitored system. 

COPth,TDC 
[‐] 

COPth,sys 
[‐] 

COPel,TDC 
[‐] 

COPel,sys 
[‐] 

QDH 

[kWh] 
QCdn 

[kWh] 
EOthercircits 
[kWh] 

ETDC 
[kWh] 

EHr 
[kWh] 

0.568 0.447 4.56 2.13 4434 1982 345 414 163 

 

In all the following figures, the base case value is shown with a vertical dashed grey line. 

10.2 Improved electrical COP 
The pumps in the base case model were replaced with high efficiency Grundos Magna pumps. The 
electrical power for these was determined using the pump characteristics and the pressure drop in 
the circuits. This resulted in a 49% decrease in electricity use for the pumps and 24% increase in 
COPel,sys, see Table 5. The table also shows the results for the 5th generation TDC. The thermal 
COP is substantially lower as is the delivered cold. However, the electrical COP is much higher 
due to the very much reduced consumption of the TDC and also a reduced pump energy, due to 
reduced running times as well as reduced pressure drops. The fan energy is more or less the 
same. 

Table 5: Summary of main performance figures for the base case system with high efficiency 
pumps together with the relevant improvement in performance figure due to the change to the new 
pumps. The last line shows the values for the 5th generation TDC with high efficiency pumps. 

  COPth,TDC 
[‐] 

COPth,sys 
[‐] 

COPel,TDC 
[‐] 

COPel,sys 
[‐] 

QDH 

[kWh] 
QCdn 

[kWh] 
EOthercircits 
[kWh] 

ETDC 
[kWh] 

EHr 
[kWh] 

4th G 0.568 0.447 4.56 2.64 4434 1982 174 414 163 
 0% 0% 0% +24% 0% 0% -49% 0% 0% 

5th G 0.378 0.297 22.97 5.27 5641 1677 106 48 165 
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Fig 3 shows the variation of the system electrical COP with the set temperature for the fan speed 
control of return temperature from dry cooler. It shows that for the 4th generation TDC the COPel,sys 
decreases steadily above a set temperature of 25°C (base case 27°C) while it is essentially the 
same below this level. The delivered cold however, decreases steadily over the whole range as 
does the electrical energy for the dry cooler fan. The pump energy (Eothercircuits) increases with 
increased set temperature due to the lower charging powers and thus longer running times for the 
pumps. The pattern for the 5th generation machine is different. Here there is a maximum COPel,sys 
at 27°C due to the fact that both the delivered cold delivered cold energy and fan energy decrease 
with increasing return temperature from the dry cooler, but at different rates. The cold energy is 
lower for the 5th generation and is more dependent on the return temperature from the dry cooler. 
At a return temperature of 22°C, it delivers 10% less energy and at 30°C 23% less energy than the 
4th generation TDC. 
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Fig 3: Delivered cold (QCdn) and electrical energy use as well as COPel,sys plotted for varying 
set temperatures for the fan speed control of the return temperature from the dry cooler. Base case 
is for 27°C. Top 4th generation TDC, bottom 5th generation TDC. 
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Fig 4 shows that for the 4th generation TDC, the system electrical COP decreases with flow rate in 
all the three circuits. For both the recooling and cooling circuits, decreasing to 75% of the 
monitored flow results in small differences in COP as well as delivered cooling energy and total 
electrical energy used. However, at half the monitored flow the delivered cold is significantly 
reduced as is the electrical COP despite less electricity use because the delivered cooling is much 
reduced. For the driving circuit the delivered cooling is hardly affected by a change in flow, showing 
that charge and discharge are essentially independent of one another. The electrical COP is much 
reduced at lower flow rates due to increased electrical use of the Dc pump during the significantly 
longer running times. 
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Fig 4: Delivered cold (brown) and electrical energy use (green) as well as COPel,sys (blue) 
plotted for relative flow rate in the three circuits: thick line (recooling), thin line (cooling) and dashed 
line (driving). The same flow was used on both sides of the heat exchangers. 4th generation TDC. 
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Table 6 compares the base case system with the systems with 4th and 5th generation TDC’s 
optimized for reduced electrical use, i.e. with high efficient pumps and a set temperature for the 
return from the dry cooler of 24°C. This is not the exact maximum for the electrical COP of the 5th 
generation TDC, but is a compromise between electrical and thermal COP as well as delivered 
cold. For the 4th generation TDC it was possible to increase both the thermal and electrical COP at 
the same time as increasing the delivered cold. The 5th generation TDC has nearly twice the 
system electrical COP compared to the optimized 4th generation system, but it has 26-29% lower 
thermal COP and delivers slightly less cold. 

Table 6: Summary of main performance figures for the systems optimized in terms of 
electricity use compared to the base case system. The optimized systems use high efficient pumps 
and a return temperature from the dry cooler of 24°C. The percentage improvement compared to 
the base case is given as well. 

  COPth,TDC 
[‐] 

COPth,sys 
[‐] 

COPel,TDC 
[‐] 

COPel,sys 
[‐] 

QDH 

[kWh] 
QCdn 

[kWh] 
EOthercircits 
[kWh] 

ETDC 
[kWh] 

EHr 
[kWh] 

Base case 0.568 0.445 4.57 2.13 4415 1965 345 413 164 
4th gen, opt 0.594 0.483 5.38 2.74 4803 2320 155 413 279 

 5% 9% 18% 29% 9% 18% -55% 0% 70% 
5th gen, opt 0.402 0.327 27.94 5.01 6360 2081 105 47 263 

 -29% -26% 512% 135% 44% 6% -69% -89% 60% 
 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 134 

 

10.3 Variation of boundary conditions: load, driving temperature and 
climate 

Fig 5 shows how the performance figures vary with the driving temperature for the TDC (supply 
temperature from the district heating network, TDhFl). For the 4th generation TDC the cold 
delivered and COPel,sys increase steadily up to a temperature of 85°C but then increase only slowly 
above this temperature. For the 5th generation TDC the increase continues over the whole range 
for cold delivered but COPel,sys stabilizes above 100°C. The 5th generation TDC required a higher 
temperature to fully utilize the chemical storage and is designed for the higher temperatures. 
Above a supply temperature of 90°C, the 5th generation TDC delivers more cold than the 4th 
generation TDC, together with a higher COPel,sys. However the COPth,sys is much lower. 
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Fig 5: Delivered cold (QCdn) and electrical energy use as well as COPel,sys plotted for varying 
supply temperatures from the district heating network (TDhFl). Base case is for 77.7°C. Top 4th 
generation TDC, bottom 5th generation TDC. 

Fig 6 shows how the performance figures vary with the base temperature for the return from the 
cooling distribution loop (TCdnFl). The actual return temperature depends on the outside ambient 
temperature, and will be higher for ambient temperatures above 20°C (see section 8.3 for the 
equation). Both the 4th and 5th generation TDC’s react in the same way, with improved cold 
delivered and electrical COP for increasing return temperatures, an improvement of 35 – 50% for 
the temperature range shown. 
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Fig 6: Delivered cold (QCdn) and electrical energy use as well as COPel,sys plotted for varying 
base return temperatures from the cold distribution loop (TCdnFl). Base case is for 13°C. Top 4th 
generation TDC, bottom 5th generation TDC. 
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Fig 7 shows how the performance figures vary with the cooling balance temperature, the outside 
ambient temperature at which the cooling system turns on. These simulations are for different 
boundary conditions than for SP1b and the base case: the cooling can be on at any time of the day 
(24/7) as long as the ambient temperature is greater than the balance temperature. This results in 
much greater delivered cold (nearly double). The 4th generation TDC produces much more cold the 
lower the balance temperature while for the 5th generation the produced cold reaches a more or 
less stable level when the balance temperature is below 12°C. Similar trends are seen for the 
electrical COP. As with the results for operation limited to the hours of 06-17, the produced cold is 
much greater for the 4th generation while the electrical COP is much greater for the 5th generation 
TDC. 
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Fig 7: Delivered cold (QCdn) and electrical energy use as well as COPel,sys plotted for varying 
outside ambient temperatures at which the cooling system is turned on (balance temperature). 
Base case is for 13°C. Top 4th generation TDC, bottom 5th generation TDC. 
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Fig 8 shows how the key performance figures vary with different load conditions. There are three 
cases, giving longer operating hours in each case and in the third case, better operating conditions 
for the TDC: 

1. Base case with optimized electrical performance, as shown in Table 5 - 591 operating 
hours). 

2. As 1, but with cold delivery possible at any stage during the day, every day (24/7) – 1431 
operating hours. 

3. As 2 but with the temperature from the district heating network (TDhFl) at 90°C instead of 
77.7°C, the return from the cold supply based on 14°C instead of 13°C, and for a balance 
temperature of 10°C – 1814 operating hours.  

The results show that the boundary conditions make a very large difference in the performance of 
the system. For both 4th and 5th generations TDC’s the delivered cooling and COP increase from 
case 1 to 3. The 4th generation TDC has a better thermal COP and delivered cold but worse 
electrical COP, compared to the 5th generation, but the relative differences are smaller for case 3. 
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Fig 8: Delivered cold (QCdn), thermal and electrical COP for the system (COPth,sys and 
COPel,sys) for three different cases. 
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Fig 9 shows how the key performance figures vary with climate, using the same operating 
conditions as case 3 for Fig 8. The simulation period is from mid-May to mid-September. The 
results show that the thermal COP is very similar for all climates but that the electrical COP is 
worse for the hotter climates. This is due to higher electrical use in the dry cooler fan. In these 
climates, and especially Madrid a cooling tower would be more appropriate. As expected the 
delivered cold is greater for the hotter climates. The cooling season was adapted for each climate, 
varying from 15/5 – 15/9 in the Swedish climate to 1/4 – 31/10 in Madrid. 
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Fig 9: Delivered cold (QCdn), thermal and electrical COP for the system (COPth,sys and 
COPel,sys) for several different climates, with good operating conditions for the TDC. The simulation 
time was adapted to the cooling season for each climate. 
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11 Conclusions 
This simulation study has been based on the boundary conditions for the SP1b demonstration 
plant of the PolySMART project with distributed cooling supplied via district heating network from a 
centralized CHP. The system simulation model was calibrated in a three stage process against the 
monitored data. The final calibration stage showed very good agreement with the monitored data 
for a five day period with higher cooling loads in terms of both thermal and electrical energy 
quantities as well as running times of the pumps. However, the performance figures for this base 
case system for the complete cooling season of mid-May to mid-September were significantly 
better than those for the monitoring data. This was attributed to longer periods when the monitored 
system was not in operation and due to a control parameter that hindered cold delivery at certain 
times.  

The simulations showed that the electrical COP of the system can be improved by the following 
measures: 

• Installation of high efficiency pumps: increase from 2.13 to 2.64. 

• Reduction of the set point for the return temperature of the dry cooler from 27 to 24°C: 2.64 
to 2.74. 

Reducing the flow rate in the external circuits caused a reduction in the electrical COP. 
Replacement of the 4th generation TDC with the 5th generation TDC that has lower pressure drops 
and very little power consumption internally resulted in an increase of the system electrical COP 
from 2.64 to 5.27. However, this also resulted in a reduced thermal COP from 0.447 to 0.297. 

As the reference system is a compression chiller with a COP of 2.7, all systems that have an 
electrical COP of less than 2.7 have a higher electricity consumption than the reference system. 
The best case with 4th generation TDC and the boundary condition for the SP1b system had an 
electrical COP of 2.74. 

A number of parametric studies were carried out to determine the performance for a range of 
different boundary conditions. These showed that: 

• The 4th generation TDC has better thermal COP but worse electrical COP than the 5th 
generation TDC. 

• Increased operation time due to reduced cooling balance temperature and when cooling is 
to be supplied at any time of the day, every day (24/7), leads to a significant increase in 
delivered cold as well as improved electrical and thermal COP’s.  

•  The electrical COP increases if the return temperature from the cooling distribution has a 
higher temperature. This effect is more pronounced for the 5th generation TDC, for which 
the thermal COP also increases. In contrast the 4th generation machine has a thermal COP 
that is more or less independent of this temperature level. 

• Increased driving temperature increases significantly the electrical and thermal COP of the 
5th generation TDC as well as delivered cold. There is only a small increase for the 4th 
generation TDC. 

• For the following realistic boundary conditions (base case in parentheses), the electrical 
and thermal COP’s increased from 2.74 to 5.53 and 0.483 to 0.522 respectively for the 4th 
generation TDC and from 5.01 to 7.46 and 0.327 to 0.432 respectively for the 5th generation 
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TDC. Additionally the delivered cold increased from 2320 to 8670 and 2080 to 7740 kWh 
for the 4th and 5th generation TDC’s respectively.  

o Driving temperature of 90°C (77.7°C), cooling balance temperature of 10°C (13°C), 
return from cooling distribution of 14°C (13°C) and with possible operation 24/7 
(office hours from 06-17) . 

Finally it was shown that the thermal COP does not vary with climate but that the electrical COP is 
lower for hotter climates due to increased use of the dry cooler fan. The delivered cold however, is 
much greater for the hotter climates. It was also shown that for the more appropriate boundary 
conditions, the differences in the performance figures for the 4th and 5th generation TDC’s was 
much smaller and that for both of them the electrical COP was significantly higher than that of the 
base case system. 
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13 Appendix – Calibration of System Model 
The calibration was made in a three stage process: 

1. Estimation of parameter values based on manufacturer’s data, pipe dimensions and 
insulation standards. 

2. Calibration of subsystems with steady state monitoring data for the three external circuits. 

3. Calibration of the complete system model for a 5 day period with relatively high cooling load 
using the monitored time sequence data with 1 minute time resolution as input data to the 
model. 

 

13.1 Calibration of subsystem models 
Calibration of the subsystem models was performed for driving circuit (Dc), cooling circuit (Cc) and 
recooling circuit (Rc). The subsystem is simulated first to define input parameters, heat losses in 
the pipes and overall heat transfer coefficient (UA-values) of heat exchangers as well as air mass 
flow in the dry cooler. These subsystem components were simulated and calibrated until the 
simulation results i.e. temperatures, power and heat transfer rate are similar to measured data 
(within 5% for energy quantities). The measured data (steady state points of operation) of each 
subsystem were taken randomly from data obtained during cooling period in 2008 as an input file. 
Once calibration of subsystems is done and all parameters are defined, the calibrated parameters 
and subsystems were transferred to a system model component. The interactive process and 
general concept of subsystem is shown in Fig 10. 
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Fig 10: Basic methodology for calibration of subsystem models. 
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For the dry cooler, the monitored electrical use as well as inlet and outlet conditions for the water 
loop and the inlet conditions for the air were used in a model of the recooling circuit. The PID 
controller was used to control the air mass flow to give the monitored return temperature. The 
simulation results were then used to derive the following correlation of the fan power dependent on 
the air mass flow (see Fig 11). The correlation shows that there is a smaller air flow even with no 
fan power, which represents the natural convection that can occur in such circumstances. 
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Fig 11: Correlation of fan power with air mass flow in dry cooler based on simulation of PID 
controller controlling water return temperature to 27°C. 

The cold distribution was not modeled explicitly. Instead a function describing the return 
temperature from the distribution circuit was derived based on the measured data for 5 days of 
operation. The return temperature (TCdnFl) is plotted against the outside ambient temperature in  
Fig 12. The different colors are for different days of operation. It can be seen that there is a large 
scatter in the data. This is mainly due to the operation of the large compression chiller that has 
three stages of modulation. TCdnFl decreases in a step change when the chiller increase a 
modulation stage. The black line shows the correlation that was derived. It is essentially in the 
middle of the scatter for ambient temperatures above 20°C. 

The TDC was not calibrated as a subsystem, rather the model derived from lab measurements 
(Bales and Ayadi, 2009) was implemented directly into the system model.  
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Fig 12: Return temperature of the cold delivery loop (TCdnFl) plotted against the outside 
ambient temperature (TOA) for five operation days. The different colors of markers are for different 
days of operation.  

13.2 Calibration of complete system model 
The complete system model was calibrated against a full five monitoring period with relatively high 
cooling loads. The charge/discharge cycles were controlled by the TDC controller and the start 
conditions (state of charge and temperatures) of the TDC were adjusted to be as close to those in 
reality as possible by estimating the water content in the water store from the monitored data from 
the TDC controller. This means that the TDC in the model is not charging/discharging in phase with 
the monitored data and that the time points for the swaps between charge and discharge are not at 
the same time. For this reason a relatively long calibration period is required.  

Inputs (from monitoring data on a one minute time scale): 

• Outside ambient conditions (TOA and RHOA). 

• Flow temperature from the district heating network (TDhFl). The flow rate (FDh) was 
assumed constant at 941 kg/hr. 

• Return temperature from cold distribution loop (TCdnFl). The flow rate (FCdn) was not 
measured, instead it was calculated from the energy balance of the Cc heat exchanger 
using the monitored temperatures and flows.  

• Constant indoor ambient temperature of 24.5°C (average for the five day period). 

 

The system was then simulated and the following parameters were adjusted in order to get good 
agreement between the summed thermal and electrical energy quantities at system and TDC level: 

• Changes in the CW10 identified parameters: 

o Heat loss coefficients for the reactor, condenser/evaporator (including switching unit) 
as well as solution and water stores was reduced to 2.2 W/K from 8.6 W/K and 
those for the solution and water stores from 9.2 to 2.2 W/K 
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o Heat transfer coefficient during charge was reduced to 3330 from 10000 W/K. 

o Heat transfer coefficient during discharge was increased from 4230 to 5560 W/K. 

• The heat loss coefficient for the pipes in the Dc was increased from 2.5 to 8.3 W/m2.K 

• The TDC internal power was increased during standby as the real power is not constant. 
One of the internal pumps is turned on and off occasionally. 

• Pump power was reduced by 50 W when the TDC was discharging but not charging. This is 
in accordance with the monitoring data, but as only the total pump power was monitored it 
could not be fully explained. It is likely to be due to the fact that Rc loop had lower flow rate 
as it flows only through the discharging reactor heat exchanger and not through the 
charging condenser’s heat exchanger. 

 
Figs 13 and 14 show the online plots for thermal power (Q’Dh and Q’Cdn) and electrical power 
respectively. The results show that there is good agreement in terms of levels, but that the time 
point for swaps is different. The latter indicates that the controller model is not completely accurate, 
but the focus of the calibration was on agreement of energy quantities over the whole calibration 
period of five days. 
 

 
Fig 13: Time plot of Q’Dh and Q’Cdn for both monitored data (pink and red respectively) and 

simulated values (orange and blue respectively) for one day.  
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Fig 14: Time plot of sum of pump power (orange measured, green simulated) as well as TDC 

power (brown measured and blue simulated) for one day.  

The power matching is quite good. What is strange is the monitored power level when the cooling 
is off in the early afternoon. The data indicates that the Cc pump is still on but that the flow is 
blocked by an internal valve in the TDC. This is an non-optimised operation of the real controller, 
and was thus not included in the simulation model. Additionally the TDC has the second water 
pump running at times when it is not modeled. However, this is results in very small electrical use.  

The identification/calibration results are detailed in Tables 7 and 8 below. All quantities are within 
3% of the measured values apart from the operating time of the Dc pump, which is 4% longer on in 
reality.  

Table 7: Summary of energy performance figures for the calibration period together with 
relative differences.  

 QDh QCdn QTdcDc QTdcCc QTdcRc Epump ETdc Ehr EBOP+Tdc

 [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] 
Meas 395.5 162.8 352.0 184.4 517.8 41.1 19.9 27.9 89.0 
Sim 397.5 163.2 356.2 185.3 519.6 40.9 20.0 27.4 88.3 

% Diff 0.5% 0.2% 1.2% 0.4% 0.3% -0.5% 0.4% -1.9% -0.7% 
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Table 8: Summary of results for thermal and electrical COP at both system and TDC level for 

the calibration period together with relative differences. Also shown are the running times for the 
pumps. 

 System TDC Simulated 
 COPth COPel COPth COPel Dcpump CcPump RcPump 

Meas 0.41 1.83 0.52 2.07 93.9 39.0 111.7 
Sim 0.41 1.85 0.52 2.10 90.4 39.7 109.5 

%Diff -0.3% 1.0% -0.7% 1.2% -3.7% 1.8% -2.0% 
 
A final check of the system model was made by using the Trnsys weather data for Borlänge and 
picking out a similar period of weather data as for the calibration period. No inputs from the 
monitored data were used in the model. The performance figures for this simulation are compared 
with those from the monitored data in Table 9. This shows that there is a good agreement between 
the values, although the real boundary conditions were not exactly the same. The average ambient 
temperature for the simulation was 19.7°C compared to the monitored value of 20.9°C. This is the 
presumed reason for the fan power being significantly lower in the simulation compared to the 
monitored data. 

Table 9: Summary of energy performance figures for the calibration period together with 
relative differences. The simulation uses Trnsys weather data and derived correlation for TCdnFl. 

 QDh QCdn QTdcDc QTdcCc QTdcRc Epump ETdc Ehr EBOP+Tdc

 [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] 
Meas 395.5 162.8 352.0 184.4 517.8 41.1 19.9 27.9 89.0 
Sim 389.8 167.4 347.9 190.3 515.1 40.7 19.6 24.9 85.2 

% Diff -1.4% 2.8% -1.2% 3.2% -0.5% -0.9% -1.5% -10.9% -4.2% 
 
 

 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 147 

 

Analysis of the SP2 Control 
Strategy by TRNSYS 
Simulation Program 
 
Authors: IKERLAN, Spain 

 

PolySMART 
 
POLYgeneration with advanced Small and Medium scale thermally 
driven Air-conditioning and Refrigeration Technology 
http://www.polysmart.org 
 
Integrated Project partly funded by the European Union
Call: FP6-2004-TREN-3 
Contract/Proposal No. 019988  
 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 148 

PolySMART® is a project partly funded by the European Union where 32 partners collaborate in 
order to develop a set of technical solutions for a new market segment for poly-generation, in 
particular the market for small tri-generation systems. 
 
The main objectives of operation of this combined system called “Combined heating, cooling and 
power (CHCP)” are the following: 
 

• To reduce the consumption of conventional energy for cooling by use of waste heat from a 
co-generation system in combination with a thermally driven cooling process. 

• Thereby to improve the economic viability of the entire system by an increase of the annual 
operation time of the CHP unit.  

 
CHCP technology already exists on a large scale, mainly for industrial applications and some 
district cooling applications. The goal within PolySMART is to develop further application areas 
using small-scale CHCP systems in the commercial, tertiary and residential sectors. 
 
This report was produced as part of the Deliverable D5-5 of WP5. 
 
 
 
 
Project partners 
AO SOL - Energias Renováveis, Portugal 
Avesco AG, Switzerland 
Bavarian Center for Applied Energy 
Research, Germany 
Behältertechnik Pink Ges.m.b.H., Austria 
Besel S.A., Spain 
ClimateWell AB, Sweden 
Energy research Centre of the 
Netherlands, Netherlands 
EuroSolar - Energias Alternativas,Portugal 
FA. TEC Thermic Energy-systems & 
Consulting GmbH, Austria 
Fraunhofer ISE, Germany 
Fredrik Setterwall, Konsult AB, Sweden 
Högskolan Dalarna, Sweden 
IKERLAN Technological Research Centre, 
Spain 
Instituto Nacional de Engenharia, 
Tecnologia e Inovacao, Portugal 
Joanneum Research, Austria 
 
 
 
 
 
Coordinator 
Fraunhofer Institute for Solar Energy 
Systems ISE, Germany 
 
Dr. Hans-Martin Henning 
 
 
 
 

Kungliga Tekniska Högskolan, Sweden 
M.Conde Engineering, Switzerland 
National Energy Conservation Agency, 
Poland 
Politecnico di Milano, Italy 
PSE AG, Germany 
ROBUR, Italy 
Rotartica / Fagor, Spain 
Schneid GmbH, Austria 
S.O.L.I.D., Austria 
Sonnenklima, Germany 
Sortech Aktiengesellschaft, Germany 
Swiss Federal Laboratories for Materials 
Testing and Research, Switzerland 
Technische Universität Berlin, Germany 
Technische Werke Ludwigshafen, 
Germany 
TEDOM-VKS s.r.o., Czech Republic 
University of Malta, Malta 
Weingut Peitler, Austria 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 149 

 

1  INTRODUCTION...........................................................................................................34 

2  PERFORMANCE EVALUATION PROCEDURE...................................................150 
CALCULATION CRITERIA 150 

3  PERFORMANCE CRITERIA AND FIGURES........................................................151 

4  DESCRIPTION OF CLIMATE, BUILDINGS AND LOADS .................................151 

5  DESCRIPTION OF CHCP PLANT............................................................................152 

6  DESCRIPTION AND MODELING OF SYSTEM COMPONENTS ......................154 
SIMULATION MODEL DESCRIPTION 154 

Main components 154 
6.1  COMBUSTION BASED COGEN DEVICE, CHP 154 
6.2  TDC SYSTEM 154 
6.3  HEAT AND COLD STORAGE 155 
6.4  MIXING VALVES 155 
6.5  HEAT AND COLD EMISSION DEVICES 155 
6.6  PUMPS AND FANS 155 
6.7  COMPONENTS FOR SYSTEM CONTROL 156 
6.8  BUILDING 156 
MODEL 156 

Environment condition and office 158 
Distribution circuit 158 
Dissipation circuit 159 
Driving circuit 160 

CONTROL STRATEGY 161 

7  MATRIX OF CASES....................................................................................................166 

8  SIMUALTION MODEL RESULTS ...........................................................................166 
8.1  COOLING ENERGY STORAGE STRATEGY IN DIFFERENT CLIMATIC CONDITIONS 166 
8.2  COOLING ENERGY STORAGE STRATEGY WITH DIFFERENT COOLING DEMANDS 169 
8.3  COMPARISON WITH A CONVENTIONAL PLANT 171 

9  CONCLUSIONS ...........................................................................................................174 

APPENDIX 1: TABLES OF RESULTS.............................................................................176 

APPENDIX 2 ENERGY BALANCES................................................................................179 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 150 

 

1 Introduction 
In order to improve the CHCP plant efficiency, in SP2 a novel plant conception and a 

new control strategy was implemented. The installation has been extensively monitored and 
results will be shown in the corresponding deliverable. Nevertheless, those results are 
subjected to the specific boundary conditions of this plant (to its loads, climate and control 
parameter values chosen). In order to tackle the potential of the proposed strategy under 
other boundary conditions (other climate, loads, parameter, values) some simulation work 
was carried out within PolySMART-WP5. This deliverable summarizes this simulation work.  

The goal of the new strategy was to install a relatively big cold water storage tank 
(1000 litres) and implement a control strategy that that runs the CHCP plant when the 
outdoor temperature is as low as possible. The aim is to take advantage of having cool 
mornings, store cooling energy when the outdoor temperature is below 24ºC and use that 
stored energy when the outdoor temperature is higher than 32ºC. With this strategy the TDC 
system works at more favourable conditions and the overall efficiency of the plant can be 
improved.  

Within WP5, the SP2 plant and its control strategy have been simulated under different 
conditions: 

• Different loads and climate conditions:(Vitoria, Madrid, Zaragoza and Seville) 

• Different versions of the control strategy 

 in order check the added value of the control strategy, to optimize it and to evaluate its 
potential for other boundary conditions. 

The simulation work has been carried out using Trnsys program. The Rotartica 
absorption chiller model is based on TYPE221 developed by Katja Scheuble and Edo 
Wiemken (FHG-ISE) for NAK or Mycom adsorption chiller in 2001, updated to TRNSYS 16 
by Aiguasol and including Rotartica chilling machine in 2008. The model is based on 
manufacturer data of COP and nominal chilling power as a function of activation, distribution 
and rejection temperatures.  

The plant has been simulated for summer season and from the fuel consumed and 
electricity produced, the primary energy consumption has been calculated. Also the number 
of hours above the set point temperature is calculated. Those two variables have been used 
to evaluate the CHCP plant. 

2 Performance evaluation procedure 

Calculation criteria 
Two parameters have been studied: the primary energy consumption and the number 

of hours of discomfort (number of hours when indoor temperature is above 27.5ºC, that is the 
set-point temperature, 26ºC, plus 1.5ºC of dead band). 

For primary energy consumption calculation, an energy content factor of electricity of 
2.63 has been considered and for natural gas, a factor of 1.05. That means that for each 
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kWh of electricity consumption there is 2.63 kWh of primary energy consumption, and for 
each kWh of gas natural consumption there is 1.05 kWh of primary energy consumption. 

For discomfort calculation, the number of hours when the indoor temperature is above 
27.5ºC are counted and a percentage related with the total working hours is calculated (total 
hours = 1308 hours; 5 days per week from 7 a.m. to 7 p.m. from 1st of May to 30th of 
September) . 

The system has been compared with a conventional plant that uses electricity from the 
grid and has a compression chiller with a COP of 3, and a 90% efficiency boiler for DHW.  

The plant has been simulated by TRNSYS simulation program. 

3 Performance criteria and figures 
Specification of energy and emission performance figures according to PolySMART standard 

defined in WP 4 and 5 

4 Description of climate, buildings and loads 
The building is an office, southwest oriented with an area of 128 m². It has 52m2  of 

southwest external wall with 7m2 of windows and all of the rest walls are next to offices with 
the same thermal performance (boundary to identical zones: no thermal losses, no thermal 
gains ). 

The envelope averaged U-value and windows U-value and ζ (solar heat gain 
coefficient; includes transmittance and the part of absorptance that gets into the zone) are 
given in the table below: 

 External wall U-value 

W/m2K 

Window U-value 

W/m2K 

Window ζ 

Office 0.359 3.00 0.722 

 

The internal gains of a working day are given in the graph below. 
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It is considered a constant air infiltration of 0.2 air change hours. The thermostatic 
control of internal temperature has a set point of 26˚C with dead-band of 1.5 degree from 7 
a.m. to 19 p.m. from Monday to Friday. In order to use the excess heat (always exist an 
excess heat because the CHP provides a constant thermal capacity of 12.5 kW and the 
maximum thermal driving capacity of the TDC is 11 kW) a high DHW consumption is 
considered, a daily DHW consumption of 200 litters/min from 19 p.m. to 19:10 p.m. 

Using the “energy rate” method in type 56 simulation model, where the temperature 
set point is specified and the required energy is calculated to keep the zone at that condition, 
the cooling demands are calculated to keep the office at 26ºC from the 1st of May to 31st 
September in working hours in different climatic zones. The results are shown in the table 
below. 

Cooling Demand (Set Point 26ºC) 

  m2  COOLING  COOLING INFILTR. SOLAR_RAD.  INT_GAINS
Área  128,4  [KWH]  kWh/m2  [KWH]  [KWH]  [KWH] 

Vitoria  2010  15,65  ‐992,8  1533  5614 
Madrid  2730  21,26  ‐568,6  1670  5614 
Zaragoza  2835  22,08  ‐497,5  1651  5614 
Sevilla  3351  26,10  ‐146,5  1621  5614 

 

5 Description of CHCP Plant 
The micro-CHCP concept under study is integrated by a Senertec DACHS HKA G5.5 

cogeneration unit as CHP and a Rotartica 045 rotary absorption machine as TDC. The 
nominal electricity capacity of the CHP is 5.5 kW and the thermal capacity is 12.5 kW. The 
CHP is fueled with natural gas, its electrical efficiency is 26.8% and its overall efficiency is 
88%. The heat of this internal combustion engine is used to drive the Rotartica unit to 
produce cooling for summer. The cooling capacity is 4.5 Kw and it has a COP of 0.62 when 
the driving temperature is 90ºC, re-cooling temperature is 35ºC and the chilling temperature 
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outlet is 12ºC. The conditioned space is an office room of 128 m2 of Ikerlan-Energia facilities, 
in Miñano, Araba, Spain (Latitude 42º51’ N, Altitude 525 m). The building was built in 1999 
following the NBE-CT-79. The number of degree days based on 18ºC for cooling are 308 and 
for heating are 2100. 

The installation has a special version of the Senertec micro-cogeneration unit that is 
able to work at higher heat recovery temperatures to optimise the coupling with the TDC, and 
the development of control strategies in the management of the storages to improve overall 
performance of the micro-CHCP plant. 

The cooling control strategy is based in the outdoor temperature and it also follows the 
office room temperature (TC1024) and it tries to keep it below 26ºC from Monday to Friday, 
from 7 a.m. to 7 p.m. in summer. The reason for defining this strategy is because the COPs 
of the TDCs are higher at lower rejection temperatures. Taking advantage of having cooling 
mornings, when the outdoor temperature is below 20ºC, the CHCP plant stores cool energy 
in a cold storage tank of 1000 litters. At these conditions the global performance efficiency is 
higher. But when the outdoor temperature is between 20ºC and 32ºC, the cooling energy to 
the office is provided directly from the TDC; finally, when the outdoor temperature is higher 
than 32ºC, the cool energy stored is used to provide cooling energy to the office. The heat for 
DHW is provided from a hot storage tank (370 liters).  

The CHP outlet is directly connected to the TDC in order to reach the maximum 
temperature at TDC inlet driving circuit. In the return line of the CHP there is a mixing valve 
that mixes water from the TDC outlet and from the hot storage tank in order to keep the CHP 
inlet below 78ºC. In case of the hot tank reaches 78ºC there is an emergency dry cooling 
tower to reject that waste excess heat. 

As cold distribution system, fan coils are used and for heat rejection a dry air cooling 
tower is used. With 36 l/min water flow rate at 50ºC and 7580 m3/hr air flow rate, at 35ºC, the 
dissipation capacity is 20.6 kW. 

In the following graph the installation hydraulic scheme is showed: 
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In the hydraulic scheme the red lines belong to driving circuit, blue ones to distribution 
circuit, purple ones to rejection circuit and yellow ones to primary DHW circuit. 

 

6 Description and modeling of system components 

Simulation model description 
The described CHCP plant has been simulated using TRNSY simulation program in 

order to check the value of the control strategy of storing cooling energy at low outdoor 
temperature hours to be used later on at high outdoor temperatures.  

Main components 

8.1 Combustion based cogen device, CHP 
ICE: Senertec 5.5 kWe, 12.5 kWth, 

• CHP: Instead of simulate the thermal and electrical part of the cogeneration 
system, only the thermal part is simulated using the type 6, auxiliary heater, 
which produces 12kWt with an efficiency of 61%. The electricity generation of 
5.5 kWe has been calculated as a equation in the simulation model. 

8.2 TDC system 
Absorption chiller: Rotartica 4.5 kWc H2O/LiBr,  
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Detailed model: Type 221  

• For TDC simulation the type 221 has been used. Based on performance map 
data of Rotartica unit, COP and nominal chilling capacity equations have been 
defined as a function of activation, distribution and rejection temperatures. The 
type has been recompiled as type 992. 

Heat rejection: Dry Cooling tower  

Detailed model: Type 52 calibrated with experimental data 

• The fan coils and dry air cooling towers of the installation have been simulated 
by the type 52. One type for the rejection dry cooling tower, another for the 
emergency dry cooling tower and another one for the distribution fan coils.  

8.3 Heat and cold storage 
Heat storage: 370 liters,  

Detailed model: Type 4 

• The hot storage tank has been simulated by the type 4 Stratified Fluid Storage 
Tank. There is not auxiliary system and 15 stratification nodes are used with a 
volume of 370 litters.  

Cold storage: 1000 liters,  

Detailed model: Type 38 

• Cold storage tank is the same type that the hot storage but with 10 nodes and 
a volume of 1000 litters. 

8.4 Mixing valves 
Detailed model: Mass balance Type 11 

• The mixing valve to return the cool water to the CHP has been simulated by 
type 11. 

8.5 Heat and cold emission devices 
Fancoils:  

Detailed model: Type 52. 

8.6 Pumps and fans 
Detailed model: Type 52 
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8.7 Components for system control 
On/Off controller:  

Detailed model: Type 2 and EQUATIONS 

thermostatic control :  
Detailed model: Type 698 and EQUATIONS 

Thermostatic valves:   

Detailed model: Type 851 plus EQUATIONS 

8.8 Building 
Detailed model: Type 56 

• The office has been simulated by multi-zone building simulation type 56. 

The model is given below, the red side is the activation circuit, the blue is the 
distribution circuit, the rose the dissipation and the green is the environment conditions. 

Model 



EU PolySMART   SPE of SOFC based CHCP systems Version 2010-08-04 
 

 157 
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Environment condition and office 

 

 

Distribution circuit 
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There are three fan coils in parallel in the distribution installation. In the simulation the 
three of them are considered identical and then only one fan coil (only one type 52) is 
simulated with a third of the total water flow rate (one third of 1125 kg/h for water) and with a 
third of the total air flow rate coming from the building (one third of 2448 kg/h for air). The 
cooling capacity is multiplied by three to be introduced in the building.  

Two pipes with 10 meters of length have been included to increase the inertia of the 
system. 

For security reasons if chilling water temperature is lower than 3º C TDC stops to avoid 
sub cooling. 

Dissipation circuit 

 

The air flow rate of the dissipation fan is variable depending on the water outlet 
temperature of the TDC. 

With and hysteresis of 1º C if the outlet temperature of chilled water is higher than 4ºC 
the air flow is 2000 kg/h and if is higher than 6ºC 6000kg/h. 
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And the water flow rate is constant 2100kg/h. 

Driving circuit 

 

The main components are the CHP and two thermostatic mixing valves one to 
distribute the water to tank or return to the engine, and another one to mix the tank water to 
cold for DHW at 60ºC. DHW consumption is 12000kg/h. 
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The air flow rate is constant 1204kg/h instead the water flow rate changes with the 
temperature; the thermostatic valve divides the flow according to temperature. 

Control Strategy 
The model has been run with 5 different control strategies that all of them operate from 

7 a.m. to 7 p.m.: 

Control strategy number 1: 

Considering only two parameters for the control:  external temperature and cold tank 
temperature. 

Depending on those two variables the plant could be: cooling the office by the TDC 
system, cooling the office by the energy stored in the tank, cooling the tank by the TDC 
or finally, the plant could be off. 

If the external temperature is below 20ºC the plant is shut down. The CHP (in the 
simulation, the type 6, auxiliary heater) and TDC are off. 

If the external temperature is between 20ºC and 24ºC and the cold storage 
temperature is below 15ºC, then the TDC is cooling the office. 

If the external temperature is between 20ºC and 24ºC but the cold storage temperature 
is above 15ºC, then the TDC is cooling the cold storage tank until it reaches 8ºC. 

If the external temperature is between 24ºC and 32ºC, then the TDC is cooling the 
office.  

If the external temperature is above 32ºC and the cold storage tank temperature is 
below 15 ºC, then the plant is cooling the office by the energy stored in the tank and 
the TDC system is off. But with external temperature above 32ºC, when the 
temperature of the tank reaches 15ºC all the plant is shut down.  

In the following diagram the control strategy is described: 
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Control strategy number 2: 

Including office temperature as control variable. Control variables: office 
temperature, external temperature and cold tank temperature. The tank has priority 
prior than the office.  

The set point temperature for the office is 26 with dead-band of 1.5 degrees. When the 
office temperature is above than 27.5 degrees the TDC is switch on and when it is 
lower than 24.5 degrees the TDC is switch off. 

This control strategy has also been simulated for the four climate conditions with set 
point temperature of 24ºC and a dead band of 2 degrees.  

26º C has been chosen as a set point because the Spanish regulation limits the 
minimum set point temperature for air conditioning system in services buildings like 
public administration offices, stores, supermarkets, cinemas theatres, restaurants, 
airports,…  in 26ºC degrees (Real Decreto 1826/2009). 

If the external temperature is below 20ºC the plant is shut down. The CHP (in the 
simulation, the type 6, auxiliary heater) and TDC are off. 

If the external temperature is between 20ºC and 24ºC, if the cold storage temperature 
is below 15ºC and if the office temperature is above 26ºC, then the TDC is cooling the 
office. 
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If the external temperature is between 20ºC and 24ºC and if the cold storage 
temperature is above 15ºC, then the TDC is cooling the cold storage tank until it 
reaches 8ºC. 

If the external temperature is between 24ºC and 32ºC and if the office temperature is 
above 26ºC, then the TDC is cooling the office.  

If the external temperature is above 32ºC, if the cold storage tank temperature is below 
15 ºC and if the office temperature is above 26ºC , then the plant is cooling the office 
by the energy stored in the tank and the TDC system is off. But with external 
temperature above 32ºC, when the temperature of the tank reaches 15ºC, even the  
office temperature is above 26ºC, all the plant is shut down.  

In the following diagram the control strategy is described: 

 

 

Control strategy number 3: 

Three parameters in the control (office temperature, external temperature and 
cold tank temperature), the same than control strategy number 2 but office has 
priority over the tank. 
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The set point temperature for the office is 26 with dead-band of 1.5 degrees. When the 
office temperature is above than 27.5 degrees the TDC is switch on and when it is 
lower than 24.5 degrees the TDC is switch off.  

This control strategy has also been simulated for the four climate conditions with set 
point temperature of 24ºC and a dead band of 2 degrees. 

If the external temperature is below 20ºC the plant is shut down. The CHP (in the 
simulation, the type 6, auxiliary heater) and TDC are off. 

If the external temperature is between 20ºC and 24ºC and if the office temperature is 
above 26ºC, then the TDC is cooling the office. 

If the external temperature is between 20ºC and 24ºC, if the office temperature is below 
26ºC and if the cold storage temperature is above 15ºC, then the TDC is cooling the 
cold storage tank until it reaches 8ºC. 

If the external temperature is between 24ºC and 32ºC and if the office temperature is 
above 26ºC, then the TDC is cooling the office.  

If the external temperature is above 32ºC, if the cold storage tank temperature is below 
15 ºC and if the office temperature is above 26ºC , then the plant is cooling the office 
by the energy stored in the tank and the TDC system is off. But with external 
temperature above 32ºC, when the temperature of the tank reaches 15ºC, even the  
office temperature is above 26ºC, all the plant is shut down.  

In the following diagram the control strategy is described: 
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Control strategy number 4: 

Without cold storage tank and two control parameters: external and office 
temperatures  

If the external temperature is below 20ºC the plant is shut down. The CHP (in the 
simulation, the type 6, auxiliary heater) and TDC are off. 

If the external temperature is between 20ºC and 32ºC and if the office temperature is 
above 26ºC, then the TDC is cooling the office. 

If the external temperature is above 32ºC, even the office temperature is above 26ºC, 
all the plant is shut down.  

In the following diagram the control strategy is described: 

 

In all control strategies there are some common specifications like: 

• The TDC starts running when the driving temperature is above 80ºC and as safety 
performance, the TDC shuts down if the chill outer outlet goes below 3ºC in order to 
avoid freezing in the evaporator.  

• The emergency dry cooling tower (its fan) runs only if the hot storage tank reaches 
78ºC. 
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7 Matrix of cases 
Combinations of climate, loads, systems, and control strategies 

  Climate 

Control 
strategy  Office Building 

Warm  days  ‐ 
Cold  nights  
(Vitoria) 

Hot  days  ‐ 
Warm  nights
(Madrid) 

Hot  days  ‐ 
Cold  nights 
(Zaragoza) 

Hot days  ‐ Hot 
nights 
(Seville) 

Low cooling demad (set 
point 26ºC)         
High  cooling  demand 
(set point 24ºC)         

CS1 

Very high   demand  (no 
set point) 

x  x  x  x 

Low cooling demad (set 
point 26ºC) 

x  x  x  x 

High  cooling  demand 
(set point 24ºC) 

x  x  x  x CS2 

Very high   demand  (no 
set point)         
Low cooling demad (set 
point 26ºC) 

x  x  x  x 

High  cooling  demand 
(set point 24ºC)         

CS3 

Very high   demand  (no 
set point)         
Low cooling demad (set 
point 26ºC) 

x  x  x  x 

High  cooling  demand 
(set point 24ºC)         

CS4 

Very high   demand  (no 
set point)         

 

All of the above marked 20 cases will be simulated with the detailed TRNSYS model. 

Different control strategies (CS) used are described in the previous chapter. 

 

8 simualtion model Results 

10.1 Cooling energy storage strategy in different climatic 
conditions 

The energy stored in the cold tank resulted to be very small compared with the total 
cooling energy produced by the TDC; and the percentage of the stored energy used later on 
varies depending on the climatic conditions (depending on the number of hours that outdoor 
temperature is above 32ºC). For example in Vitoria this stored energy is never used and in 
Seville can reach the 72%.  

It must be said that the tank is a water tank of 1000 litters and its maximum energy 
storage capacity is very low: 8.13 kWh. ((15ºC-8ºC) x 4,18 kJ/(ºC kg) x 1000 kg). In Vitoria as 
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the stored energy is never used it is not worth to store energy, even the storage capacity is 
higher. But in Seville, a bigger storage tank (i.e. a PCM  storage)  with higher energy density 
could open more possibilities to this strategy. 

In the following graphs, the impact of the strategy can be evaluated by seen that the 
positive impact of storing cold energy in the mornings is very low, as the stored cooling in the 
tank is very low (from 3 to 13%, fig. 1), and furthermore, the finally used cooling energy from 
the tank is also low in many cases (fig. 2 and 3). Primary energy use in the different cases is 
shown in Fig. 4. Finally, as shown in fig. 5 and 6 while comparing control strategies 1 to 3 
with the 4 one, it is also clear that the use of a cold storage and its cold storing strategy does 
not even bring significant improvement in the comfort achieved in the load. 

 

Fig. 1: the stored cooling energy percentage of the total cooling energy provided by the 
TDC with different control strategies and for different climatic conditions. In the fourth control 
strategy, as there is not storage tank, there is no energy either. The values are quite low: 
between 3 and 13 %. 

 

Fig. 2: The percentage of the cooling energy used from the tank compared with the 
energy stored with different control strategies and for different climatic. In the fourth control 
strategy, as there is not storage tank, there is no used energy either. In Vitoria the cooling 
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energy of the tank is never used.  In the rest climatic condition the percentage of use varies 
from 37% to 72% depending of the climatic conditions, higher percentage of use for hotter 
climatic conditions.  

 

Fig. 3: The cooling energy used from the tank with different control strategies and for 
different climatic conditions. In Vitoria, there is no energy used form the cold storage tank. 
For the rest of climatic conditions, the energy used does not differ very much for all control 
strategies. In Madrid the energy used goes from 89 kWh to 94 kWh; In Zaragoza, from 85 
kWh to 92 kWh and in Seville, from 295 kWh to 339 kWh. 

 

 

Fig. 4: Primary energy consumption with the fourth control strategies in different 
climatic conditions (Vitoria, Madrid, Zaragoza and Seville) 
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Fig. 5: Number of hours when the indoor temperature is above 27.5ºC (set point 
temperature, 26ºC, plus the 1.5 ºC dead band) with the fourth control strategies in different 
climatic conditions (Vitoria, Madrid, Zaragoza and Seville) 

 

 

 

Fig.6: Percentage of number of hours with an indoor temperature above 27.5ºC (set 
point temperature, 26ºC, plus the 1.5 ºC dead band) with the fourth control strategies in 
different climatic conditions (Vitoria, Madrid, Zaragoza and Seville).  

10.2 Cooling energy storage strategy with different cooling 
demands 

The control strategy number 2 (where the tank is cooled when the external temperature 
is between 20ºC and 24ºC until the tank reaches 8ºC, even the office is above 26ºC) is used 
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for the same office but changing the set point temperature from 26ºC to 24ºC in order to 
increase the cooling loads. In the following figure the cooling energy used is shown: 

 

Fig7: Cooling energy used for cooling one office at different climatic conditions and 
using different set point temperatures: 24ºC and 26ºC. The cooling energy increases 1610 
kWh in Vitoria, 1533 kWh in Madrid, 1700 kWh in Zaragoza and 1341 kWh in Seville with a 
set point of 24ºC. 

The strategy of charging and discharging the tank depends on the outdoor temperature 
(for charging between 20ºC and 24ºC; for discharging, above 32ºC), on the temperature in 
the tank (between 8 and 15 ºC) and on the temperature of the office (set point 24º or 26ºC). 
In the strategy number 2, as the tank has priority before the zone cooling, even the load is 
changed the stored energy is the same for each climate conditions as it is shown in figure 8.  

 

Fig 8: Cooling energy stored in the tank with control strategy number 2 at different 
climatic conditions using two different set points 24ºC and 26ºC for the office temperature in 
order to analyze the influence of different cooling loads in the cold tank management. 
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Fig 9: Cooling energy used from the tank with control strategy number 2 at different 
climatic conditions using two different set points 24ºC and 26ºC for the office temperature in 
order to analyze the influence of different cooling loads in the cold tank management. 

The energy storage capacity is small and then the use of the tank is the same at 
different cooling loads in the same climatic conditions. This is because when the tank is 
discharged, is completely discharged, even when the cooling load is lower (set-point 24ºC). 
The cooling load could affect the management of a cold tank when the cooling energy 
storage capacity is higher. In those simulated cases with a tank of 1000 litres the cooling 
energy storage capacity is small. At this point it is clear that the improvement of the 
installation performance is mainly limited by the tank size. The influence of the cooling load is 
of much less relevance.  

10.3 Comparison with a conventional plant 
The simulated plants have been compared with a conventional plant that uses 

electricity from the grid and has a compression chiller with a COP of 3, and a 90% efficiency 
boiler for DHW. This comparison has been done using an excel sheet (the conventional plant 
has not been simulated). 

 The primary energy consumption has been calculated considering an energy content 
factor of electricity of 2.63 and for natural gas, a factor of 1.05. That means that for each kWh 
of electricity consumption there is 2.63 kWh of primary energy consumption, and for each 
kWh of gas natural consumption there is 1.05 kWh of primary energy consumption. 

In the cases studied the primary energy consumption for summer season (from the 1st 
of May to 31st September) is always higher than the primary consumption of the conventional 
plant. In the primary energy consumption is also included the electricity consumed by all the 
components of the plant. Due to the high electricity consumption the primary energy 
consumption is high. 
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Fig 10: Primary energy consumption including the electricity consumed by all the 
components. 

The electricity consumption of the plant is high. There are three modes of operation, 
discharging the tank, charging the tank and cooling the office by the TDC. In each operation 
mode the electricity consumption is 0,18 kW, 1,525 kW and 1,705 kW respectively. This high 
electrical consumption makes that the electrical COP of the plant (the electricity consumption 
of the plant related with the cold provided) was low even the thermal COP was in the range 
of 0.68. 
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Fig 11: Overall thermal COP of the plant. In the first control strategy as the indoor 
temperature is not included in the control strategy the performance happens also when there 
is not cooling demand resulting lower chilling transfer and reducing the thermal COP 

 

Fig 12: Overall electrical COP of the plant including total electricity consumption of the 
plant. 

With the energy content supposed for the electricity and for the natural gas and with 
the supposed efficiencies of the reference conventional plant, the improvement of the 
electrical COP is not enough to obtain a primary energy saving; an improvement in the 
electrical efficiency in the CHP has been required in order to obtain a primary energy saving. 
In the following graph the primary energy consumptions have been shown considering the 
same thermal performances but improving the overall electrical COP of the plant to a value 
of 7 and improving the electrical efficiency of the CHP to a value of 29%. 
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Fig 13: Primary energy consumption including the electricity consumed by all the 
components supposing that the overall electrical COP of the plant has a value of 7 and the 
electrical efficiency of the CHP is 29%. With this values the primary energy saving is 
between 1 and 5% depending on the control strategy and climatic condition. 

9 Conclusions 
The main conclusions are: 

Unfortunately the proposed plant conception and control strategies seem not to bring 
any remarkable performance improvements, in any of the diverse climatic and load 
conditions. 

It is not worth to store the cooling energy in a 1000 litters water storage tank when the 
outdoor temperatures are low (between 20 and 24 ºC) in order to used it when the outdoor 
temperature is above 32ºC in the climatic conditions of Vitoria, Madrid, Zaragoza or Seville. 
The primary energy consumption reduction is in the range of 6% without tank and the rise in 
the discomfort goes from a -9% to a 16 % (in absolute number of hours, the discomfort 
increase goes from -3 to 40 more hours of discomfort in a total number of hours of 1308).  

For higher loads (the simulations have been repeated with a lower set point 
temperature, set point of 24ºC), the results have shown no difference in the use of the tank. 
The cold energy storage capacity of the 1000 litres tank is small and the use of the tank is 
the same at different cooling loads in the same climatic conditions. When the tank is 
discharged, is completely discharged, even when the cooling load is lower. The cooling load 
could affect the management of a cold tank if the cooling energy storage capacity is higher. 
The improvement of the installation performance is mainly limited by the tank size. The 
influence of the cooling load is of much less relevance.  

Comparing the simulated plant with a conventional plant that uses electricity from the 
grid and has a compression chiller with a COP of 3, and a 90% efficiency boiler for DHW; 
and for primary energy consumption estimation, considering an energy content factor of 
electricity of 2.63 for and for natural gas, a factor of 1.05, there is no primary energy saving in 
the summer period of the CHCP. This is due to the low overall electrical COP of the plant 
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(between 3.7 and 4.2) and due to the need of a higher electrical efficiency of the CHP 
(26.8%). It is estimated that it is necessary to improve the overall electrical COP of the palnt 
to a value in the range of 7 and to improve the electrical efficiency of the CHP to a value of 
29%. 
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AppendiX 1: tables of results  

In the following tables the results of different simulations are shown. 

The results have obtained directly in the simulation or calculated as post-processing in 
an Excel file.  

The variables directly obtained from simulation are: average inside ambient air temperature 
in conditioned space (TIA), average inside ambient air relative humidity in conditioned space 
(HIA), average outside air temperature (Toa), average outside air relative humidity (Hoa), 
variation of the stored heat in the system's hot water storage tank (ΔQheatStorage), heat 
distributed to DHW (Qhdn), variation of the stored heat in the system's cold storage tank 
(ΔQcoldStorage), total cold distributed to the tank and to the office (Qcdn) , thermal energy 
consumed by the CHP (QchpFuelN), heat recovery in the CHP  (Qchp), net electric energy 
production of CHP (EProdChpNet), rejected energy by the HR system (Qhr), driving thermal 
energy consumed by the TDC (QtdcDc), total cold produced by the TDC (Qchilling), heat to 
re-cooling circuit (QtdcRc), overall thermal COP of TDC (COP), total running time of the CHP 
(timChp), total running time of the CHP (timTdc), total running time of the heat rejection 
system (timHr), total discomfort number of hours and the total number of hours of plant 
availability. 

The calculated variables are: distributed cooling energy from tank to the office, distributed 
cooling from TDC to the office, cooling energy losses, electricity consumption, cooling energy 
delivered to the tank, Cooling energy delivered to the office, number of hours when heating 
energy is provided (timHDN), number of hours when cooling energy is provided (timCDN), 
primary energy consumed by the CHP (PEQchpFuelN), primary energy used in a 
conventional installation to produce the same net electricity produced in the CHP 
(PEEProdConv) , primary energy used in a conventional installation  to distribute the same 
heat (PEQhdnconv), primary energy used in the conventional installation to distribute the 
same cold energy (PEQcdnConv), primary energy used by a conventional installation 
(PEconv), percentage of primary energy savings achieved (PESchcp), percentage of hours 
when the temperature is above the set point temperature considering the used dead-band 
(Discomfort%).   
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PARAMETERS End‐use systems  Energy  CHP 

 
TIA  HIA  T0a  Hoa 

ΔQheat
Storage  QHDN 

ΔQcoldSt
orage  QCDN  QchpFuelN  Qchp 

EProdChp
Net    

PLACES AND CONTROL 

Office  Office  Outdoor Outdoor
Qdistributi
on (DHW) 

Qdistribution cold (cold)  LOSSES 
Required 
energy 

Heat 
produc. 

electricity 
produc. 

Elec. 
Consum

p. 

     
˚C  %  ˚C  % 

Internal 
E 

change 
hot 

tank(kW
h) 

(kWh)       

Internal E 
change 
cold 

tank(kWh
) 

Total  TANK  TO 
OFFICE 

TDC  TO 
OFFICE 

(kWh)  (kWh)  (kWh)  (kWh)  (kWh) 

Vitoria  22,85  52,77  17,36 72,20 ‐11 1641 6 4291 0 4291 153 13408 8179 3597 1113
Madrid  23,19  51,52  20,82 58,29 ‐11 2180 10 5213 93 5119 152 17097 10429 4587 1421
Zaragoza  23,06  58,38  21,38 66,86 ‐11 2384 9 5737 88 5648 155 18651 11377 5004 1550

Office 

Sevilla  24,11  59,71  24,17 61,96 ‐11 2398 9 5307 336 4971 147 17557 10709 4710 1459

New Control Option A 1st 
cool tank                                              

24+‐2  A1 VITORIA  23,43  52,05  17,36 72,20 ‐11 1449 6 3603 0 3603 157 11206 6835 3007 930
26+‐1.5  A2 VITORIA  24,74  50,20  17,36 72,20 ‐11 859 10 1993 0 1993 163 6215 3791 1668 514
24+‐2  A1 MADRID  23,83  50,25  20,83 58,23 ‐11 1929 10 4324 94 4231 152 14085 8592 3779 1170
26+‐1.5  A2 MADRID  25,12  48,34  20,82 58,29 ‐11 1409 10 2791 94 2698 156 9179 5599 2463 764
24+‐2  A1 ZARAGOZA  23,74  57,28  21,38 66,86 ‐11 2155 9 4861 90 4771 153 15692 9572 4210 1304
26+‐1.5  A2 ZARAGOZA  25,05  55,23  21,38 66,86 ‐11 1535 9 3161 92 3069 156 10199 6221 2737 847
24+‐2  A1 SEVILLA  24,48  59,03  24,17 61,96 ‐11 2240 9 4755 338 4417 145 15688 9570 4209 1303
26+‐1.5  A2 SEVILLA  25,59  57,22  24,17 61,96 ‐11 1791 9 3414 339 3074 148 11289 6886 3029 938
New Control Option B 1st 

cool office                                              
26+‐1.5  Vitoria  24,73  50,25  17,36 72,20 ‐11 878 10 2004 0 2004 161 6267 3823 1682 518
26+‐1.5  Madrid  25,11  48,35  20,82 58,29 ‐11 1413 10 2792 89 2704 155 9189 5606 2466 763
26+‐1.5  Zaragoza  25,06  55,24  21,38 66,86 ‐11 1533 9 3150 85 3065 155 10162 6199 2727 844
26+‐1.5  Sevilla  25,62  57,17  24,17 61,96 ‐11 1766 9 3363 295 3068 142 11087 6763 2975 924

Without Tank                                              
26+‐1.5  Vitoria  24,73  50,25  17,36 72,20 ‐11 847 0 2004    2004 29 5890 3593 1580 490
26+‐1.5  Madrid  25,14  48,43  20,82 58,29 ‐11 1382 0 2737    2737 19 8632 5266 2316 718
26+‐1.5  Zaragoza  25,08  55,36  21,38 66,86 ‐11 1497 0 3111    3111 17 9647 5885 2588 802
26+‐1.5  Sevilla  25,73  57,47  24,17 61,96 ‐11 1698 0 3173    3173 14 10176 6207 2730 846
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TDC  time Statistic  Primary Energy 

PARAMETERS QtdcDc  QtdcCc  QtdcRc  COPtdc  timChp  timTdc  timHr  timCDN 
PEQchp
FuelN 

PEEProd
Conv 

PEQhdn
conv 

PEQcd
nConv PEconv  PESchcp

PLACES AND CONTROL 

Qdriving 
(kWh)     

Qchilling(kWh)            
Qrecooli

ng 
% 

control 
CHP 

control 
TDC 

contr
ol Hr 

Control 
fan coil 

QchpFu
elN*1k
WhPEga
s/0.95k
wh 

EProdch
pNet*1k
whPE/0.
38kWhe

lec 

Qhdn/(0
.9*0.95) 

Qcdn/
(3*0.3
8) 

PEEProdC
onv+PEQh
dnconv+P
EQcdnCon

v 

100*(1‐
PEQchp
FuelN/P
econv) 

      (kWh)  Total  to tank  to office  (kWh)  %  hr  hr  hr  hr  kWh  kWh  kWh  kWh  kWh  % 

h_noc
onfort 
to A2 
and B 
T>27.
5˚ and 
to A 
>26˚ 

h_tot
al 

total 
hours 
disco
mfort 

% 
Disco
mfort 

Vitoria  6583  4445  143 4350 11028 0,68 654 654 654 675 14113 6537 1919 3764 12221 ‐15,49 9 1308  11  0,84 

Madrid  8015  5364  230 5208 13379 0,67 834 834 834 861 17997 8332 2550 4572 15454 ‐16,45 19 1308  20  1,57 

Zaragoza  8773  5892  231 5724 14665 0,67 910 910 910 941 19633 9089 2789 5032 16910 ‐16,10 10 1308  12  0,91 
Office 

Sevilla  8097  5454  470 5107 13551 0,67 856 856 856 895 18481 8556 2804 4655 16016 ‐15,39 113 1308  117  8,97 
New Control Option A 1st

cool tank
                                                           

24+‐2  A1 VITORIA  5520  3760  143 3617 9281 0,68 547 547 547 599 11795 5466 1695 3161 10322 ‐14,28 128 1308  128  9,79 

26+‐1.5  A2 VITORIA  3105  2156  143 2013 5261 0,69 303 303 303 372 6542 3037 1004 1748 5789 ‐13,01 43 1308  43  3,29 

24+‐2  A1 MADRID  6614  4476  230 4246 11090 0,68 687 687 687 763 14827 6867 2256 3793 12917 ‐14,79 145 1308  145  11,07 

26+‐1.5  A2 MADRID  4290  2947  231 2717 7237 0,69 448 448 448 546 9663 4473 1648 2448 8569 ‐12,76 94 1308  94  7,16 

24+‐2  A1 ZARAGOZA  7393  5014  231 4784 12407 0,68 766 765 765 830 16517 7649 2521 4264 14434 ‐14,44 110 1308  110  8,45 

26+‐1.5  A2 ZARAGOZA  4811  3318  234 3083 8128 0,69 498 498 498 606 10736 4974 1795 2773 9542 ‐12,51 70 1308  70  5,32 

24+‐2  A1 SEVILLA  7230  4901  471 4430 12130 0,68 765 765 765 827 16514 7647 2619 4171 14437 ‐14,38 269 1308  269  20,57 

26+‐1.5  A2 SEVILLA  5188  3562  473 3089 8750 0,69 551 551 551 635 11883 5502 2095 2995 10591 ‐12,20 211 1308  211  16,14 
New Control Option B 1st

cool office
                                                           

26+‐1.5  Vitoria  3117  2165  135 2029 5282 0,69 306 306 306 377 6597 3061 1027 1758 5845 ‐12,86 37 1308  37  2,80 

26+‐1.5  Madrid  4290  2948  225 2722 7238 0,69 448 448 448 549 9673 4482 1652 2449 8583 ‐12,69 94 1308  94  7,19 

26+‐1.5  Zaragoza  4791  3305  226 3079 8096 0,69 496 496 496 605 10697 4955 1793 2763 9510 ‐12,47 70 1308  70  5,33 

26+‐1.5  Sevilla  5097  3505  422 3083 8602 0,69 541 541 541 652 11671 5396 2066 2950 10412 ‐12,09 215 1308  215  16,47 

Without Tank                                                             

26+‐1.5  Vitoria  2922  2032  0 2032 4954 0,70 287 287 287 378 6200 2870 990 1757 5617 ‐10,37 36 1308  36  2,78 

26+‐1.5  Madrid  4004  2755  0 2755 6760 0,69 421 421 421 541 9087 4206 1617 2401 8223 ‐10,50 105 1308  105  8,01 

26+‐1.5  Zaragoza  4528  3129  0 3129 7657 0,69 471 471 471 601 10155 4700 1751 2729 9180 ‐10,62 82 1308  82  6,28 

26+‐1.5  Sevilla  4624  3187  0 3187 7811 0,69 496 496 496 624 10711 4958 1986 2783 9727 ‐10,11 252 1308  252  19,23 
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AppendiX 2 Energy balances 

In this annex the energy balances of the simulated components are shown. In 10 days of 
calibration the balances are fulfilled. 

b1: Qgen_chp=Qtdc(driving)+Qdhw +Qtank_losses+Qint_tank+Qemerg 

 Qemerg=Qfan_emerg+Qpipe_losses+Qint_pipe 

SUMMARY FOR UNIT  59 1 2 3 4 5 6 7 8 5‐2‐3‐4‐1+6+7+8
Day Time QIntTanc ConsumAbs UtilACS PerdTanc QgenMotor DisEmerg PipeLosses InternPipe Totala

21 5592.00 0.00 62.37 27.98 0.71 91.60 0.00 0.22 0.00 0.76
22 5616.00 0.00 0.00 0.98 ‐0.98 0.00 0.00 0.01 ‐0.01 0.00
23 5640.00 0.00 47.32 14.54 ‐0.45 58.50 0.00 ‐0.09 0.00 ‐3.01
24 5664.00 0.00 56.07 22.28 0.15 76.66 0.00 ‐0.11 0.01 ‐1.93
25 5688.00 0.00 0.00 0.98 ‐0.98 0.00 0.00 0.00 0.00 0.00
26 5712.00 0.00 61.61 23.95 0.33 84.93 0.00 ‐0.07 0.01 ‐1.02
27 5736.00 0.00 62.36 22.47 0.18 84.24 0.00 ‐0.10 0.00 ‐0.88
28 5760.00 0.00 70.20 28.19 1.01 101.88 ‐1.41 0.36 0.00 1.42
29 5784.00 0.00 48.50 27.89 1.27 77.53 0.00 0.02 0.01 ‐0.09
30 5808.00 0.00 68.60 28.01 1.67 102.05 ‐2.39 0.44 ‐0.01 1.82
31 5832.00 0.00 82.12 24.69 0.68 107.06 0.00 0.02 ‐0.01 ‐0.42

0.00 559.15 221.98 3.58 784.45 ‐3.79 0.72 ‐0.01 ‐3.35total (kwh)

 Qchp=Qtdc(driving) +Qacs+Qgaleratank+/(‐Qinternastank)/+/(‐Qemerg)/
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b2: Qrecooling=Qdriving+Qchilling 

SUMMARY FOR UNIT  60 1 3 4 4‐3‐1
Day Time Qtdc_driving Qtdc_chi Qdtc_rec Totala COP

21 5592.00 62.37 38.46 100.83 0.00 0.61664686
22 5616.00 0.00 0.00 0.00 0.00 ‐
23 5640.00 47.32 30.16 77.48 0.00 0.63731561
24 5664.00 56.07 34.64 90.71 0.00 0.61788588
25 5688.00 0.00 0.00 0.00 0.00 ‐
26 5712.00 61.61 38.11 99.72 0.00 0.61861565
27 5736.00 62.36 38.71 101.07 0.00 0.62072425
28 5760.00 70.20 43.03 113.23 0.00 0.61292047
29 5784.00 48.50 29.15 77.65 0.00 0.60104345
30 5808.00 68.60 42.95 111.54 0.00 0.62610836
31 5832.00 82.12 52.18 134.31 0.00 0.63543012

559.15 347.40 906.55 0.00 0.62129031total (kwh)

 Q_recooling=Qentrada_tdc+Qtdc‐chill

 

b3: Hot tank Qchp_tank=Qacs_consum+Qtank_losses+Qint_tank 

SUMMARY FOR UNIT  61 1 2 3 4 3‐4‐2‐1
Day Time Qsto_int Qsto_los Qchp_dhw Qdhw Totala

21 5592.00 0.00 0.71 28.69 27.98 0.00
22 5616.00 0.00 ‐0.98 0.00 0.98 0.00
23 5640.00 0.00 ‐0.45 14.09 14.54 0.00
24 5664.00 0.00 0.15 22.42 22.28 0.00
25 5688.00 0.00 ‐0.98 0.00 0.98 0.00
26 5712.00 0.00 0.33 24.28 23.95 0.00
27 5736.00 0.00 0.18 22.65 22.47 0.00
28 5760.00 0.00 1.01 29.21 28.19 0.00
29 5784.00 0.00 1.27 29.16 27.89 0.00
30 5808.00 0.00 1.67 29.69 28.01 0.00
31 5832.00 0.00 0.68 25.37 24.69 0.00

0.00 3.58 225.55 221.98 0.00total (kwh)

 Qchp_tank_in=Qdhw+loss +internal_gains

 

 

b4: Qchilling=Qfan+Qint_tank+Qtank_losses+Qpipe_losses+Qint_pipe 

SUMMARY FOR UNIT  64 1 2 3 4 5 6 5‐6+1+2+3+4
Day Time Qintern_tank tank_loss Perdi_pipe Inter_pipe FredAbs FredFanc Totala

21 5592.00 1.35 ‐1.35 ‐0.13 ‐0.01 38.46 38.24 0.07
22 5616.00 1.23 ‐1.23 ‐0.05 0.05 0.00 0.00 0.00
23 5640.00 1.13 ‐1.13 ‐0.09 ‐0.04 30.16 29.83 0.20
24 5664.00 1.03 ‐1.03 ‐0.13 ‐0.01 34.64 34.38 0.12
25 5688.00 0.94 ‐0.94 ‐0.05 0.05 0.00 0.00 0.00
26 5712.00 0.86 ‐0.86 ‐0.10 ‐0.05 38.11 37.83 0.13
27 5736.00 0.79 ‐0.79 ‐0.14 0.00 38.71 38.35 0.21
28 5760.00 0.72 ‐0.72 ‐0.14 0.00 43.03 42.62 0.27
29 5784.00 0.66 ‐0.66 ‐0.11 0.03 29.15 29.03 0.03
30 5808.00 ‐0.91 ‐0.84 ‐0.12 ‐0.02 42.95 41.02 0.04
31 5832.00 ‐8.06 ‐1.13 ‐0.15 0.00 52.18 42.70 0.15

‐0.25 ‐10.69 ‐1.22 ‐0.02 347.40 334.00 1.21total (kwh)

Air conditioning circuit

 

 

b5: Qrequired_heating_rate=Qrate_energy_delivery+Qlosses 
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SUMMARY FOR UNIT  58 1 2 3 4 1‐2‐3
Day Time G Perdidas Qtdc_gen E totala

21 5592.00 150.16 58.56 91.60 40.29 0.00
22 5616.00 0.00 0.00 0.00 0.00 0.00
23 5640.00 95.89 37.40 58.50 25.73 0.00
24 5664.00 125.68 49.01 76.66 33.72 0.00
25 5688.00 0.00 0.00 0.00 0.00 0.00
26 5712.00 139.23 54.30 84.93 37.35 0.00
27 5736.00 138.09 53.86 84.24 37.05 0.00
28 5760.00 167.02 65.14 101.88 44.81 0.00
29 5784.00 127.10 49.57 77.53 34.10 0.00
30 5808.00 167.30 65.25 102.05 44.89 0.00
31 5832.00 175.50 68.45 107.06 47.09 0.00

1285.98 501.53 784.45 345.02 0.00total (kwh)

CHP balance

 

b6: Cold tank Qtdc_tank=Qtank_stairs+Qtank_losses+Qint_tank 

SUMMARY FOR UNIT  93 1 2 3 4 3‐1‐2‐4
Day Time Qsto_int Qsto_los Qtank_esk Qtdc_tank Totala

21 5592.00 1.35 ‐1.35 0.00 0.00 0.00
22 5616.00 1.23 ‐1.23 0.00 0.00 0.00
23 5640.00 1.13 ‐1.13 0.00 0.00 0.00
24 5664.00 1.03 ‐1.03 0.00 0.00 0.00
25 5688.00 0.94 ‐0.94 0.00 0.00 0.00
26 5712.00 0.86 ‐0.86 0.00 0.00 0.00
27 5736.00 0.79 ‐0.79 0.00 0.00 0.00
28 5760.00 0.72 ‐0.72 0.00 0.00 0.00
29 5784.00 0.66 ‐0.66 0.00 0.00 0.00
30 5808.00 ‐0.91 ‐0.84 6.11 7.86 0.00
31 5832.00 ‐8.06 ‐1.13 0.00 9.19 0.00

‐0.25 ‐10.69 6.11 17.05 0.00

 Qcold_tank_offic=Qtdc_tank‐gains‐loss

total (kwh)  
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PolySMART® is a project partly funded by the European Union where 32 partners collaborate in 
order to develop a set of technical solutions for a new market segment for poly-generation, in 
particular the market for small tri-generation systems. 
 
The main objectives of operation of this combined system called “Combined heating, cooling and 
power (CHCP)” are the following: 
 

• To reduce the consumption of conventional energy for cooling by use of waste heat from a 
co-generation system in combination with a thermally driven cooling process. 

• Thereby to improve the economic viability of the entire system by an increase of the annual 
operation time of the CHP unit.  

 
CHCP technology already exists on a large scale, mainly for industrial applications and some 
district cooling applications. The goal within PolySMART is to develop further application areas 
using small-scale CHCP systems in the commercial, tertiary and residential sectors. 
 
This report was produced as part of the Deliverable D5-5 of WP5. 
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1 Summary 
 

Approach 

A performance evaluation study has been made based on the  microtrigeneration  plant installed  as 
Subproject 8A within the PolySMART project  in Giessen near Munich (Germany). The plant consist on a 
small capacity (5,5kWel/12kWth) combined heat and power unit (CHP) that supplies electricity to the grid 
and heat to drive a 10kW absorption chiller that cools different rooms of an office building. The parameters 
used for the different component models used in the system model have been taken from real parameters 
supplied by the manufacturer’s of the installed components or measured or taken from the real plant. The 
main goal of the simulation study was to evaluate the influence of the temperature of the chilled water at the 
outlet of the thermally driven absorption  chiller (TDC)  on the operation of the CHP unit, the TDC unit and 
the whole plant. To  evaluate the overall energetic efficiency of the plant an analysis  in terms of non-
renewable primary energy (NRPE) demand was also performed. This additional performance figure is 
needed because of the different primary energy factors for  the energy input flows into the system (fuel and 
electricity). 

All component  and system models, including controllers and evaluators, have been developed using the 
Modelica simulation language within the Dymola simulation environment. The component models have been 
taken from the Modelica Fluid Library 1.0 Beta 2 or developed using these in a new Library named 
PolySMART Library, using validated models for all main components of the systems [Hellman, 1999] [Stabat, 
2004]     

The simulated system include for all sets two ON/OFF controllers (switching on or off the CHP and TDC units 
depending on system conditions) and a control for the operation of the TDC unit. This controller  maintains a 
constant value for the chilled water temperature is controlled by controlling the  cooling water temperature at 
the heat rejection circuit by controlling the fan speed of a dry cooler. The controller uses the characteristic 
equation of the TDC to calculate for each moment the cooling water temperature needed to obtain a certain 
cooling capacity given a hot water and chilled water temperature. 

Two simulation cases studies have been performed, simulating each case for 5 different system sets. As no 
reliable information was found about cooling loads present in the system, the first case assumes that a 
constant cooling load nearly equal to the nominal capacity of the TDC is installed (9.6kW). For the second 
case a much smaller cooling load of 6.4kW is assumed.  The different system sets for each simulation  case 
represent different alternatives for the cooling water distribution. For each system set a different chilled water 
temperature has been chosen. Chilled water temperature levels of 7/12, 11/15, 15/18 (feed and return) have 
been evaluated for operation with fan coils. For cooling decks operation systems working with 16/18 
temperature levels have been used. 

 

Results 

The thermal, electric and overall efficiency for the CHP unit have been evaluated. For the TDC operation its 
thermal and electrical performance have been studied. Thermal and electric performance have been 
compared for all simulated sets plant  The thermal performance factor is expressed in 
kWh_Cooling/kWh_HeatSupply as an integrated value of instantaneous electrical COPs and the electric 
performance factor as an integrated value of instantaneous thermal COPs in  kWh_Cooling/ 
kWh_ElectricSupply.  The Non-renewable Primary Energy factor (NRPE) expressed in 
kWh_Cooling/kWh_PrimaryEnergy has been calculated for all systems, assuming for the reference primary 
energy factor of the electricity grid both the average German (2,5) and UCTE (3,25) values. 

The first simulation case was evaluated for the hottest week of the year and the whole cooling period. Better 
performance have been obtained as expected for the whole cooling period, because system works under 
worst possible conditions for the hottest week of the year. However same trends have been identified when 
comparing different sets. 
Those sets working with higher chilled water temperatures present better CHP efficiencies and their TDC 
thermal performance factor is also slightly better. However, regarding electrical performance of the TDC  
those systems with lower chilled water temperatures present better results. The reason are the lower flow 
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rates needed at the chilled  water circuit for lower temperatures, which reduces the power consumption at 
these pumps. Regarding the overall electric performance of the plant, the sets working with lower chilled 
water temperatures present again the best results. But the plant thermal coefficient of performance is on the 
other hand better for those systems working with higher chilled water temperatures. From an overall 
efficiency consideration the systems working with higher chilled water temperature perform better, due to 
their better thermal performance. Differences in overall plant efficiency between all considered options 
however, are not really significant. If primary energy considerations are considered, system  sets with low 
chilled water temperatures obtain the best performance for a constant cooling load of 9.6kW and DN25 pipes 
in the chilled water circuit. 
If the chilled water distribution pipes are changed by new ones of type DN40, the systems working with 
cooling decks at relatively high chilled water temperatures present the best electric performance. When 
comparing only  system sets using fan coils, the system sets with lower chilled water temperatures still 
present better electric performances, but the differences have been reduced. And when comparing at the 
overall plant efficiency, it becomes more clear that systems working with higher chilled water temperatures 
perform better from an energetic point of view. In this case the system with cooling decks present the best 
overall performance figures and NRPE factors. 

 

Figure 1.1: plant electric consumption  for a hot week simulation  in Munich (system sets with DN 25 pipes) 
If the TDC unit is working near its nominal cooling capacity of 10kW and  cooling decks are used, the power 
consumption at the chilled water pump is very high because of the high flow rates needed. Furthermore the 
cooling tower needs to work at near its maximum power to achieve the desired cooling water temperature no 
matter what the chilled water temperature is (at least with the simulated control strategy).Under this 
conditions, even saving the power consumption at fan coils when using cooling decks, the high power 
consumption at the chilled water pump makes sets working with low chilled water temperatures more electric 
efficient. If the system works at partial load, the electric power consumptions can be reduced. . For the 
simulated cooling capacity of 6,4kW,  systems sets with higher chilled water temperature show a better plant 
electric performance. The reason is that the reduction in power consumption at the cooling tower for higher 
chilled water temperatures is higher  than the increase in power consumption at the chilled water pump due 
to higher flow rates (for part load this flow rates are always relatively low). If cooling decks instead or fan 
coils are used, the electric power consumption is further reduced. 
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As a tendency it can be identified that better electric performance factors can be achieve if the TDC is 
working at partial load, so it can be assumed that if the real load at the plant is even lower than 6,4kW, even 
better electric performance factors can be achieved. (although the thermal performance factor would 
decrease). 

 

Conclusion 

It has been observed that depending on the diameter of the pipes installed at the chilled water circuit and the 
cooling load demand, a different temperature level for the chilled water temperature should be set in order to 
obtain the best possible energetic performance of the plant. With the first installed pipes with a nominal 
diameter of DN 25, setting higher chilled water temperatures will imply higher flow rates that will make the 
plant electrical performance worse than that of systems working with lower chilled water temperatures for the 
operation during the hottest week of the year. However the thermal performance of the plant will be better for 
those systems working with higher chilled water temperatures. From an overall energetic consideration the 
systems working with cooling decks show the best plant overall performance, but almost same performances 
are obtained working with fan coils and high chilled water temperatures. And considering primary energy 
factors, system sets with fan coils and lowest chilled water temperatures present better results that systems 
including cooling decks. 

However if the pipes are substituted by new ones with a nominal diameter of DN40, the advantages of using 
cooling decks are much more significant, since now system sets with cooling decks have best electrical and 
thermal performance. Now also the primary energy factors are better for systems sets with cooling decks. 

If it is assumed that the system is not working at nominal but with a partial cooling load, the electrical 
performance factor of both TDC and plant are improved, but at the same time the thermal performance factor 
of both TDC unit and plant is reduced. The thermal performance factor of the TDC get worse if the system is 
working at partial load on the one side, and more of the heat generated at the CHP unit is wasted on the 
other side if the cooling loads are smaller. The reasons for the reduction in power consumption for lower 
cooling loads are explained mainly by two reasons. The first reason is the reduction in flow rates at the 
chilled water circuit for lower cooling load and its related reduction in power consumption at the chilled water 
pump. The second reason is related with the used strategy used for controlling the TDC unit: if lower cooling 
loads are present, higher cooling water temperatures for the TDC are allowed, and the power consumption 
of the dry cooling tower will be reduced. If the cooling load present at the plant is even smaller than the 
considered 6,4kW, the expected overall plant efficiency will decrease. The electric performance factor will in 
fact improve, but the thermal performance of the plant will get worse and worse. 

 

2 Introduction 

The main goal of the performed simulation study is to asses the performance of a trigeneration plant 
(electricity + cooling+heating) taking special consideration of the parasitic electric consumption needed by 
the plant for cooling production. Two case studies have been performed for the particular case of a small 
capacity natural gas driven cogeneration unit (5,5kWel/12,5kWth)  used in combination with a small single 
effect H2O/LiBr absorption chiller. This case study will concentrate on the summer mode operation of the 
plant, where electricity and cooling are the products of the plant. 
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  Figure 2.1:  hydronic scheme of plant SP8A 

 
 
The plant configuration and control strategy is based on the plant installed as Subproject 8A in Giessen 
(Germany) within the PolySMART project. Because the plant was installed substituting an existing old 
cooling plant based on a vapor compression chiller the existing cooling distribution system using fan coils for 
cold emission is used. Because of this pressure losses on the cooling distribution systems are too high due 
to the fact that the pipe diameters and pumps are not anymore optimized for the new flow rates present in 
the system and thus higher parasitic pump electric consumption result at the distribution system. 
 
One of the goals of the simulation work is to determine the effects of this miss-match on the existing cooling  
distribution system and the optimal working conditions of the TDC  on the parasitic power consumption of the 
plant and try to find the optimal chilled water temperature level, that fixes the chilled water flow rate for a 
given cooling capacity. Another objective of the simulation work is to estimate the plant performance with a 
better hydraulic design and election of the working conditions,  and with a TDC unit that work with the 
performance specified by the manufacturer in his data sheet (real performance of the TDC unit in the 
demonstration plant is below expectations). 
 

3 Nomenclature and symbols 

 

CC  Chilled Circuit 

CHP  Combined Heat and Power production 

CHCP   Combined Heat, Cooling and Power production 

COPth  Thermal Coefficient of performance 

COPel  Electric coefficient of performance 

CT  Cooling Tower 

DH  District Heating 
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FC  Fan Coil 

ICE  Internal Combustion Engine 

NRPE  Non-renewable Primary Energy 

RH  Rejection Heat 

P  Pump 

TDC  Thermally Driven Chiller 

 

 

4 Performance evaluation procedure 

The performance of the trigeneration plant as a whole, and the performance of its two main components 
(CHP and TDC unit) have been analyzed from an energetic point of view. System simulation have been 
performed for different cases and sets being the performance figures for each of the simulated cases and 
sets compared with each other. 

 

Steps of the performance evaluation 

Due to the dynamic behavior of the TDC and specially of the CHP unit, the performance figures for a given 
period of time and not only the stationary values needs to be considered. In a first step a simulation period of 
one week has been chosen, trying to take into consideration the different performance of the CHP unit during 
its different phases (warm-up, normal operation and cool-down). In this first step the reasons for the 
differences in the performance for different sets have been analyzed. 

In a second step and after realizing the big influence of the ambient temperature on the performance of the 
plant, same simulation sets under same assumptions have been run for a longer time period (the whole 
cooling period) trying to compare the main  performance figures obtained for one week with those obtain for 
changing ambient conditions. This second step has been realized however only for one out of  four 
considered simulation cases. Only for this case has been considered relevant to study how the performance 
figures change for one week to the whole cooling period. 

A study of the dynamic behavior of the main components (CHP and TDC unit) has been evaluated for both a 
nearly TDC nominal cooling load (9,6kW) and a much smaller cooling load (6,4kW).  

 

5 Modeling approach for system simulation 

All component and system simulation  models have been developed using the modeling and simulation 
language Modelica [Modelica,2010]. The commercial tool Dymola have been used both for the modeling 
work as well as for the compilation, execution and evaluation of the models.  

All plant and component models used are included within the Modelica Standard Library, the Modelica Fluid 
Library Beta Version 1.0 [Casella, 2006] or the PolySMART Library  specially developed during the project 
for the simulation of small scale trigeneration systems. Particular models for key components as absorption 
chillers, cogeneration units or fan coils were developed and included in this new library. Most of the main 
models have been developed or adapted from existing dynamic models developed for other transient 
simulation tools like TRNSYS [Klein, 2008]. However some addition have been done specially to include a 
hydraulic analysis for all heating and cooling circuits, calculating pressure losses in all main components and 
piping in a dynamic way and the related power consumptions. Another approach singularity is the 
development of specific models for each of the control units  used for simulations. 
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Because of the warm-up and cool-down periods associated with the CHP unit during operation, the shorter 
period chosen for simulation is one week (168 hours). Output interval has been set to 1 hour for both weekly 
and monthly simulations. 

 

6 Performance criteria and figures 

For the evaluation of the performance of CHP, TDC and plant several  figures have been used. These 
figures have been either evaluated for each of the output points calculated or integrated for the whole 
simulation period  The performance figures have been defined according to the PolySMART standard 
convention  defined for WP 4 and WP 5 as far as it was possible.  

In the following lines performance figure definitions for CHP, TDC  and the combined effects of those and 
other component presents in the overall plant performance are defined. 

 

6.1 CHP unit performance 

 

CHP heat supply ( to cooling water) 

This figure supplies the total of amount of heat energy produced at the CHP unit and delivered to the water 
flow cooling the engine  that can be used in the plant over the whole simulated period. Its value correspond 
to the integration of the instantaneous heat flow from the CHP unit to the cooling water flow (QCHP). 

                          
CHP heat supply= ∫ QCHP�dt

                    [kWhth]  

 

 

CHP electric energy supply 

This figure supplies the total amount of electrical energy produced at the CHP unit and delivered to the 
electric network over the whole simulation period. Its value correspond to the integration of the instantaneous 
power production at the CHP unit(Pel,supply,CHP). 

                          CHP electric energy supply=∫ P�EL , SUPPLY ,CHP��dt         [kWhel ]  

CHP unit seasonal electric efficiency 

The rate of conversion from fuel energy (expressed in LHV) to electric energy for the whole simulation period 
is covered with this figure. 

 CHP seasonal electric efficiency= CHP electric energy supply
Fuel energy consumption   [ kWhel

kwh fuel
]= [-]  

where Fuel energy consumption= ∫ Q�FUEL , LHV��dt  

and  QFUEL,LHV is the simulated instantaneous energy flow from the fuel into the CHP unit. 

 

CHP overall seasonal efficiency 

The CHP overall seasonal gives back the total conversion rate from fuel energy into useful energy (electric 
energy + heat) at the CHP unit. 



 

192 
 

CHP seasonal overall efficiency= CHP electric energy supply�CHP heat supply
Total fuel energy consumption  [%]  

      

                                                             

6.2  TDC unit performance 

 

Heat supply to TDC 

This figure supplies the total  amount of heat energy that is supplied to the TDC unit by means of a hot water 
flow. Its value correspond to the integrated value of the instantaneous hot water heat flow rate (QH,TDC,) 
supplied to the TDC. 

 

                         Heat supply to TDC =∫ Q�H ,TDC��dt    [kWhth]                           

 

Cooling production at TDC 

This figure supplies the total amount of cooling energy that is produced at the TDC unit and that is used to 
cool down the chilled water flow temperature. Its value can be calculated by integrating  the instantaneous 
TDC cooling capacity (Q0,TDC,). 

                        TDC cooling production= ∫ Q�0, TDC��dt   [kWhth]  

 

TDC electric COP 

This performance figure is used within this work  to analyze the instantaneous electric performance of the 
TDC unit, and will be presented in x-y graphs against simulation time. The electric coefficient of performance 
or COPel for the TDC is defined as the total cooling capacity produced at the chiller at a  given moment 
(Q0,TDC) divided by the total electric consumption needed by the TDC for its operation (Pel,TDC,). Following  a 
convention decided inside the PolySMART project, the electric COP includes the electric consumption of the 
heat rejection. 

COP�el , TDC�=
Q�0, TDC�

P�el ,TDC�
=

Q�0, TDC�

P�el ,internTDC��P�el , HWP , TDC��P�elCHWP,TDC�� P�el , HRP��P�el ,CT �
 

where  P�el , internTDC�       is the internal electric consumption of the TDC (in W)  

            P�el , CT �      is the electric consumption of the cooling tower fan (in W)  

            P�el , HRP�      is the electric consumption of the heat rejection pump (in W)  

            P�el , HWP , TDC�      is the part of the electric consumption of the hot water pump that is               

                                          needed to pump the hot water through the TDC (in W)  

            P�el , CHWP,TDC�     is the part of the electric consumption of the chilled water pump that is               
                                          needed to pump the chilled water through the TDC (in W)  

 

being the part of electric consumption of the chilled water needed to pump chilled water through  TDC 
defined as 
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P�el , HWP , TDC�= P�el , HWP��

dP�TDC ,desorber�

dPHWP    

where  dP�TDC , desorber�       is the pressure drop at the TDC desorber (mbar) 

            dP HWP                  is the total pressure drop at the hot water circuit (mbar) 

being the definition for     P�el , CHWP,TDC�  analogue to the last one. 

 

 

 

TDC thermal COP 

This performance figure is used within this work  to analyze the instantaneous thermal performance of the 
TDC unit, and will be plotted in x-y figures against simulation time. The thermal coefficient of performance or 
COPth for the TDC is defined as the total cooling capacity produced at the chiller at a moment  divided by the 
total heat flow rate supplied to the TDC (QH,TDC,). 

                   COP�th , TDC�=
Q�0, TDC�

Q�H , TDC�
     

kW th

kW el
= [- ]

 

 

TDC electric performance factor 

The electric performance factor relates the cooling production at the TDC unit with the total amount of 
electrical energy needed at the TDC including the heat rejection. This value can be alternatively calculated 
as the integrated value of the  electrical COP of the TDC for the whole simulation period. 

TDC electric performance factor= TDC cooling production
TDC electric energy consumption      

kWhth

kWhel
= [-]

 

being  TDC electric energy consumption= ∫ P�el TDC��dt  

 

 

TDC thermal performance factor 

The thermal performance factor express the ratio between the total amount of cooling produced at the TDC 
and the total amount of heat taken at the high temperature level of the TDC for its production. Its value 
corresponds also  to the integrated value of the thermal COP of the TDC for the considered period. 

TDC thermal performance factor= TDC cooling production
Heat supply TDC      

kWhth
kWhth

= [-]
 

 

6.3 Trigeneration plant energetic performance 

 

Plant electric COP 
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Analogue to the defined TDC COPel, this factor relates the instantaneous cooling heat flow at the distribution 
device to the total amount of electric consumption at the plant at a given moment. 

 

COP�el , plant�=
Q�supply, LOAD�

P�el , plant�
=

Q�supply, LOAD�

P�el , internTDC�� P�el , HWP��P�elCHWP��P�el , HRP�� P�el ,CT ��P�DistDevices�  

 

where  P�DistDevices� is the electric consumption of the cooling distribution devices (in W)  

Now the total consumption at hot and chilled water pump are considered and in addition, the power 
consumption of the cooling distribution devices is considered 

 

Plant thermal COP 

Analogue to the defined TDC COPth, this factor relates the instantaneous cooling flow at the distribution 
device to the heat flow supplied by the CHP at a given moment. 

    COP�th , Plant�=
Q�0, TDC�

Q�H ,TDC�
     

kW th

kW th
= [- ]

 

 

 

Plant electric performance factor 

Analogue to the plant electric  performance factor, these factor express the ratio between the total amount of 
cooling supplied to the load and the total amount of electric energy consumed at  the plant. Its value 
corresponds in this way  to the integrated value of the electric  COP of the plant for the considered period. 

Plant electric performance factor= TDC cooling production
Plant electric energy consumption

kWhth

kWhel
= [-]

                                           

being    Plant electric energy consumption=∫ P�el , plant��dt  

Plant thermal performance factor 

Analogue to the TDC thermal performance factor, this factor express the ratio between the total amount of 
cooling supplied to the load and the total amount of heat supplied by the CHP unit. Its value corresponds in 
this way  to the integrated value of the thermal COP of the plant for the considered period. 

TDC thermal performance factor= Cooling supply load
CHP heat supply      

kWhth
kWhth

= [-]
  

 

where the Cooling supplied  load is the integrated value of the heat flow being transferred to the cooling 
distribution device . (QDistDevices) 

Cooling supplied load =∫ QDistDevices�dt  
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Overall plant efficiency 

This figure relates the total energy produced by the plant inform of provided cooling and electricity supply 
with the total amount of energy consumed for this production, electricity from the grid and chemical energy 
(expressed as LHV value) from consumed fuel. 

Overall plant efficiency= Cooling supply load�CHP electric energy supply
Consumed fuel energy�LHV value��consumed electricity  

 

6.4 Trigeneration plant primary energy analysis 

In addition to the evaluation of the figures mentioned above, a primary energy analysis of the plant is 
performed, that takes into consideration the primary energy factors of the heat flows into the plant under 
given conditions, and allow us to evaluate the primary energy performance of the plant. Some additional 
performance figures are needed for this analysis. 

 

Non Renewable Primary Energy Factor (NRPE) of the plant 

This factor  relates the total amount of primary energy consumed to the total amount of useful energy 
delivered by the plant.  In this way, the amount of electricity delivered by the is considered as a product, and 
it is not used inside the plant to cover the own electric consumption  (additional approach). The primary 
resource  factors (PRF) of the energy flows into the plant (fuel energy or electric energy) needs to be known. 

 

NRPE factor plant= Total amount of energy supply
Total amount of primary energy consumed

  =    

   
Cooling supply load �CHPelectricenergy supply

plant electricenergyconsumption�PRF el�Consumed fuel energy�PRF fuel�energy consumptionbackup�PRFbackup

 

 

where PRFel and PRFfuel are the assumed primary resource factors for the net electricity supply and fuel 
supply respectively. 

The energy consumption at the backup is the integrated value of the power consumption at the back up 
chiller (see section 9.6). The PRFbackup is defined as 

 

PRF backup= PRF�conventional ,chiller�=
PRF el

EER�compression, chiller�
 

 

 PRFbackup and PRFconvetional,chiller have the same value because same values are assumed for the Energy 
Efficiency Ratio (EER) of back up and conventional compression chillers. 

 

 

Non Renewable Primary Energy Factor (NRPE) for the conventional supply 
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In order to be able to compare the primary energy factors with a conventional supply option for cooling and 
electrical energy, this last figure needs to be calculated. 

 

NRPE factor conventional= Total amount of energy supply
Total amount of primary energy consumed conventional

  =   

  =  Cooling supply load �CHP electric energy supply
CHPE electric energy supply�PRF el�cooling suppy load�PRF �conventional ,chiller�  

 

 

 

7 Description of climate, buildings and loads 

Due to lack of information about building characteristics and dimensions it was not possible to perform a 
thermal building simulation or any other kind of cooling load calculation. The real trigeneration plant installed 
during the PolySMART project was substituting a mechanical driven cooling plant and using existing chilled 
water distribution circuit and emission devices. Because of this lack of information, the difficulties to get it 
and the limited time assigned to this simulation study it was decided to assume an existing constant cooling 
load. The system performance has been simulated for different constant cooling loads considered as 
different simulation cases. The results for the performance figures of the the simulated cases represent 
boundary conditions for systems with loads changing between the assumed  loads. 

The ambient conditions, or more concretely the ambient temperature plays a big role in the electrical 
performance chiller of TDC units because of its influence in the power consumption for the heat rejection .  

For all simulation cases  performed in this work weather data from obtained from Meteonorm for the location 
of Munich (Germany) are used, since the real simulated is installed in a location really close  to this city. 

 

8 Description of systems 

 
Figure 8.1 shows an schematic representation of the simulated trigeneration system. It reproduces as far as 
possible the system configuration of the plant as it was installed in Subproject 8a and was presented in 
Figure 2.1.  
 
The simulated system represents however  a simplified version of the real plant. The solar  thermal  plant 
included in the plant for back-up purposes is not included because of lack of necessary information and in 
order to concentrate in the performance of a CHP-based trigeneration plant.  The heating loop of the plant is 
also not included, since the scope of the simulation study relies on the performance analysis of the summer 
mode operation (or cooling mode), when  heating is not present. 
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Figure 8.1: description of simulated system 
 
 
 
With respect to the real plant installed for S8A,  the system shown in figure 2  has moved the position of the 
CHP unit to have it in a closed position to the buffer hot water storage tank. This configuration is set to be 
able to feed the hot water tank just using the internal pump of the CHP unit,  without needing an additional 
pump that will need an additional electric power supply to pump the water heated at the CHP unit into the 
tank. 
For all other hydraulic loops the pipes lengths connecting the different components for simulation  are 
approximately the same as those installed in the real plant, and are shown in figure 8.1. All diameters 
selected for pipes at hot water, cooling and chilled water circuit has been chosen trying to reproduce the 
diameters installed at the real plant (DN 25 diameter for all pipes). In this way it is intend to reproduce the 
pressure losses at the hydraulic circuits present at the real plant, with the only modification of having 
eliminated the long hydraulic circuit existing in the real plant connecting the CHP unit and hot water tank. No 
information was available about size, type and efficiency of the pump installed at the three main, so constant 
efficiencies and volume flow rates during operation has been chosen for simulations. Overall efficiencies of 
0,3 were taken for all pumps, assumed to be a reasonable value for good pumps of this size. The flow rates 
for  pumps at hot and cooling water circuit corresponds to the nominal flow rates for the TDC  operation as 
specified by the chiller manufacturer.  For the hot water loop a flow rate of 0.33 kg/s is used . The nominal 
flow rate of 0.72 kg/s is used at the cooling water loop 
The volume and size of the hot water tank correspond to the information obtained from the responsible for 
the PolySMART SP8A (550L). No variation nor sensitivity analysis for the hot water tank volume have been 
undertaking as it was out of the scope of this simulation work.  
At the heat rejection circuit the installed configuration with 2 small dry cooling towers working in parallel have 
been reproduced. In the real system these units are installed in the basement of the building where the plant 
is installed, taking advantage of the low temperatures present at this underground level for all year operation. 
This fact however, has not been taken into account for the simulation as it was not possible to get 
information about temperatures at the basement by the time the simulation work was performed. The dry 
cooling towers at the simulation are supposed to work with ambient air having the temperatures supplied by 
Meteonorm data in an hourly basis for a typical year in Munich.  
No information was available about size and characteristics for the fan coil units delivering cooling to the 
building, but this information was needed for simulation because pressure losses at the chilled distribution 
circuit are dependent on the characteristics of the fan coils. Also the parasitic power consumption of the plant 
can change significantly depending on the power consumption for a given fan coil type.  
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For the reference case it was assumed that the installed fan coils were dimensioned to supply 9.6kW of 
cooling capacity with a feed chilled water temperature of 27°C. With fan coils  characteristics founded for  
commercially available units [REMKO,2003] 3 fan coils units are needed to cover this load at give chilled 
water temperature. The number and type of fan coils unit change with the considered temperature for the 
dimensioning of the equipment, and different number and types of Fan Coils units depending on this 
consideration as it will be described in section 10. 
 
SIMULATED CONTROL STRATEGY 
The TDC operational  strategy being used at subproject SP8A for chilled water temperature control  is 
implemented for all simulated sets. The main idea of this  strategy consists in controlling the chilled water 
temperature at the outlet of the TDC unit by changing the cooling water temperature supplied to the TDC by 
controlling  the fan speed of the dry cooler units. As no information about  exact implementation and control 
parameters for the implemented control strategy where available, a control strategy based on the 
characteristic equation of the TDC unit  as described by Kühn [Kühn, 2007] is implemented and used.  The 
temperatures at all external water circuits of the TDC is measured and a new cooling water temperature is 
calculated by the control unit to maintain the chilled water temperature at the desired level. 
The CHP unit is switched ON and OFF during simulations implementing the overheating protection 
implemented by the manufacturer of the CHP unit. In this way, the CHP unit is switched OFF  automatically if 
the cooling water temperature rises above a set limit of 72°C. Not knowing how it is implemented for the real 
unit, the restart of the CHP unit after operation stop  is assumed to proceed automatically after the CHP has 
been not working for at least 5 minutes and  the cooling water temperature is below 60°C.   
An additional ON/OFF controller is implemented for the operation of the TDC unit. All pumps at external 
circuits of the TDC will start its operation if the temperature at the top of the hot water storage tank is at least 
75°C. If the temperature at this same point falls below 45°C, it will be considered that temperature at the hot 
water circuit is not enough to run the TDC and all external pumps will be switched off. 
 
 
 
 
 
 

9 Description and modeling of system components 

The components present in the system simulation are modeled with different level of detail. Due to the 
modular structure of the Modelica simulation tool, it is possible to combine component models from different 
authors and  different libraries as long as they follow the Modelica structure and use the same connectors. 
All component models presented in this section are either part of the Modelica Fluid Library Beta version 
(freely available) or part of the Modelica PolySMART library, based on the connector definitions of the Fluid 
Library and developed within the Polysmart project. 

9.1 Combustion based cogen devices 
A simulation model for ICE based CHP units developed during the International Energy Agency (IEA) Annex 
42 project [Kelly, 2007] was implemented using the Modelica language. During the IEA annex 42 model 
parameters for some of the most widely used CHP units were found and validated, including the Senertech 
DACHS unit that was installed at the PolySMART subproject SP8A. The parameters found for the Senertec 
CHP unit correspond to a unit that can not be modulated, i.e., it is not possible to to control the fuel input to 
modulate the electric power and heat output of the unit. The unit either is ON or OFF working at a point 
around it nominal output of 5.5 kWel, 12.5 kWth. The thermal output however can change with cooling water 
and ambient temperatures as well as during warm-up and cool-down operations. 
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Figure 9.1: Controlled CHP unit component model implemented in Modelica/Dymola 
 
 

 

The CHP unit includes an internal pump that pumps the cooling water to which the heat from the CHP unit is 
transferred. The CHP unit includes an internal algorithm that tries to maintain the temperature of the cooling 
water leaving the unit at a constant level (80°C for the installed CHP unit). It was not possible to get 
information about the internal control routine implemented by Senertech. Because a control for the CHP unit 
must be implemented, it was assumed that an internal idealized 3-way valve acts to regulate the cooling 
water flow rate as it is shown in figure 3. The internal pump delivers a constant flow rate corresponding to the 
maximum set flow rate given for the CHP, and the outlet flow rate correspond to this maximum if the 3-way 
valve is closed or can be reduce if the valve if open trying to increase the outlet water temperature. 

The internal structure of the CHP unit models corresponds to that presented in the specification delivered for 
the IEA Annex 42 Model, including an energy conversion, engine, and cooling water control volume as it is 
shown in figure T. All other features included in the specification where included as well. 

 

Figure 9.2: CHP unit IEA Annex 42 component model implemented in Modelica/Dymola 
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9.2 TDC unit 
A modified version of the characteristic equation model for the simulation of sorption heat pumps [Hellman, 
1999] is implemented in the PolySMART library and used for this system simulation. Additionally to the 
classical characterisitic equation model, that reproduce the TDC performance for stationary state, the model 
includes thermal capacities that tries to reproduce in some way the dynamic behavior of the chiller. 

A single effect H2O/LiBr  absorption chiller with a nominal capacity of 10kWc manufactured by Sonenklima 
was installed in SP8A and chosen for the simulations. Parameters for the characteristic equation model for 
this chiller are available from several tests performed at TU Berlin, that are available in different publications 
[Kühn, 2005] [Albers, 2003]. The values for the thermal capacities includes in the model have been obtaining 
by fitting the model with measurements from dynamical behavior tests performed at TU Berlin. 

 

Figure 9.3:Thermally driven chiller component model implemented in Modelica/Dymola 
 

The model also considers the internal power consumption of the TDC unit due to internal control and pumps. 
A constant value of 130 W during operation and 10 W in stand-by mode is assumed. Pressure losses values 
for nominal conditions where taken from manufacturer specifications. 

 

9.3  Heat rejection unit: dry cooling tower 
2 dry cooler units working in parallel were installed for SP8A. This dry cooler were installed at the building 
basement in order to use get benefit of air pre-cooling as consequence of the lower temperatures present at 
the basement. This feature, however, is not considered for this simulation work so the simulated electric 
power consumption of the dry coolers can be significantly higher than that measured at the real plant, 
decreasing in this way the electric performance. As the dry coolers include a frequency inverter that allows to 
change the speed of the tower fan by changing a control voltage, this feature is include in the tower models. 

The dry cooler were modeled based on existing models for dry and hybrid cooling towers [Stabat, 2004]. In 
this models the cooler is considered as a counter-flow air-cooling fluid heat exchanger, for which usual 
assumptions for counter-flow heat exchangers can be assumed. Due to the dominance of the heat transfer 
resistance at the air side for this kind of this devices, the heat transfer coefficient is assumed to be directly 
proportional to the air side flow rate, neglecting its variations with the cooling fluid flow rate and its 
dependencies on fluid and air temperatures. 

The air side flow rate is assumed to be directly proportional to the fan speed (assumed to be directly 
proportional to control voltage), controlled between its maximum and minimum value. The electrical power 
consumption of the fan changes with the fan speed following the fan laws, as it is usually assumed for the 
simulated of ideal fans [Klein, 2006] 

CRITICAL NOTE: Power consumption of cooling tower fans is in reality a function of the electric motor 
design and the control system selected as it is shown in figure 9.2 [Ziehl-Abegg, 2007] . In this way the 
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assumption made for the power consumption can be true or not depending on the type of electric motor and 
control installed with the fan. Firsts comparisons between measured power consumptions of the cooling 
tower and simulated values did suggest that for the considered cooling tower (and in general for small 
capacity cooling towers) the usual made assumptions for power consumption are not always true. Further 
validation work must be made in order to get a realistic modeling for the cooling tower consumption, due to 
its importance for the calculation of the electric performance of the system. However for this work the usual 
assumption is used.  

 

Figure 9.4: Typical power consumption of CT fans (Source: [Ziehl-Abegg, 2007]) 
 

 

Figure 9.5: Dry coling tower component model implemented in Modelica/Dymola 
 
 

 

An standard model for a counter-flow heat exchanger taken from the Modelica Fluid Library is used. The 
heat exchanger can be discretized in a given number of segments, for each of one all equations for heat 
transfer between air and fluid side are computed. All parameters for the dry cooler such as heat transfer 
coefficients and heat exchange area are taken from manufacturer specifications [Güntner,2007]. The 
maximal power consumption was also taken from manufacturer specifications and for each of the 2 dry 
cooler in parallel has a value of 280W at maximum fan rotational speed. Pressure losses for nominal flow 
rate where taken as well from manufacturer data. 
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9.4 Reference and auxiliary chiller (mechanical chiller) 
No detailed model was included neither for the auxiliary  nor for the reference compression chiller. In both 
cases it will be assumed that the chillers are able to convert electrical energy into cooling with a constant 
coefficient of performance (COP) corresponding to reference values found for the Energy Efficiency Ratio 
(EER). Following convention assumed within the PolySMART project, a EER value of 2,9 is used for both 
reference and auxiliary chiller. 

 

9.5  Heat   storage tank 
A hot water storage tank is present on the system,  connected to  CHP and TDC unit adjusting the miss-
match between CHP  heat supply and TDC heat demand. A detailed model for the thermal behavior of a 
water storage tank was developed, splitting the total volume of the tank into a  discrete number of segments 
with the same volume, for each of them dynamic energy conservation equations were written. Heat losses to 
the environment for each of the discrete volumes are modeled, as well as heat transfer by conduction 
between the different volumes. 

 

 
 

Figure 9.5: Water storage tank component model implemented in Modelica/Dymola 
 

 

Trying to reproduce the storage tank installed at SP8A, two inputs and to outputs to the storage tank are 
included, both at the same height. Due to the thermal capacities of the volumes however there is no direct 
connection between input and outputs. The simulated volume (550 L) and external dimensions of the tank 
(1,9x0,6m) corresponds approximately to those of the tank installed  within SP8A. The ambient temperature 
is assumed to be constant at 20°C and thermal losses parameter from commercial storage tanks have been 
used for the simulation. 
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9.6 Cold emission devices 
The cold emission devices play an important role for the performed simulation studies. One of the main goals 
of the simulation study is to estimate the influence of the temperatures chosen for the chilled water 
temperature in the cooling mode performance of the trigeneration plant.  To evaluate the influence of the 
chilled water temperature is necessary to have a good model of the devices using this chilled water to 
provide cooling. In a first moment only Fan coils have been considered for simulation, but after realizing the 
high electrical power consumption for the fan at this devices, an alternative using cooling decks instead of 
fan coils have been evaluated as well. 

In this way simulation models for fan coils and cooling decks have been implemented within the PolySMART 
library specially for these simulation study. 

 
 
 

Figure 9.6: Emission devices (left up fan coil, left down cooling deck) component model 
implemented in Modelica 

 

At the right side of figure 9.6 the common structure for the emission device model is presented. On the left 
the Modelica symbol for the component model for fan coil (up) and cooling deck (down) element group. Each 
of the component the performance of a group of cooling elements connected in parallel. A subcomponent 
Load transfers heat to both subcomponents Backup System and Group of idealized cooling elements  
depending on the temperature of the fluid present at the last component. Inside the subcomponent Group of 
idealized cooling elements specific equations and relationships extracted from manufacturer data (a kind of 
performance map) has been implemented for each kind of component.  This equations and relationships 
determine which part of the cooling load can be covered by the cooling distribution devices and  are 
presented in the next section. The remaining part of the load not being covered by the cooling elements is 
covered by the back up system. 

 

PERFORMANCE MAP MODELS FOR FAN COILS 

The models are based on the information supplied by the fan coil manufacturer REMKO, since their available 
data have been used as dimensioning criteria for number and size of installed fan coils to cover a given load. 
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Figure 9.7:  manufacturer information for performance of  fan coil systems (source [REMKO 2009]) 
 

The cooling capacities given in figure 9.7 have been implemented in reference tables  for different room air 
temperatures  in Modelica, setting the maximal fan coil cooling load for a given chilled water feed 
temperature. Lineal interpolation is made for calculate the operation with chilled water outside the range 
presented in figure 9.7. 

For all simulated sets and cases presented in this report, an air room temperature of 26°C have been 
assumed, and the maximal cooling capacities for the fan coils models in the system have been calculated 
under this assumption. 

Additionally, the subcomponent model group of idealized cooling elements:FAN COILS calculates the 
pressure drop experimented by the fluid flowing through them.  A quadratic pressure loss relationship is 
assumed for the coils. The pressure drop coeffcient is obtained from  the pressure drops given by nominal 
mass flow rate given in Figure 9.7 

The model also calculates the electric power consumption of the fan coil. Constant power consumption 
during operation  of 60, 90 and 120W for  the units REMKO KLT 35,50 and 60 respectively based on 
manufacturer specifications. 

 

PERFORMANCE MAP MODELS FOR COOLING DECKS 

For the cooling decks, performance maps given by the manufacturer KRANTZ [KRANTZ,2010] for 
dimensioning of its product type SKS 5/3 have been implemented for calculating the maximal cooling 
supplied by the cooling deck system for a given chilled water feed temperature. 
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Figure 9.8:  manufacturer information for  thermal performance of cooling decks (source [KRANTZ, 2010]) 
 
 
 
In the information obtained shown in figure 9.7 the cooling capacity for the cooling decks expressed in W/m2 
is given as a linear function of the average chilled water temperature flowing through the cooling deck and 
the temperature of the room. Also numerical expressions are supplied that calculate the pressure drop 
experienced by the fluid flowing through a panel depending on its dimensions. 
 
This mathematical relationships have been implemented in   a sub component model group of idealized 
cooling elements:COOLING DECKS. This model calculates maximal cooling capacity for a given room and 
average fluid temperature, and considering other parameters that can  influence the performance (overture, 
distance to deck...).  The total cooling load is calculated as the addition of the cooling load at each individual 
panel. 
Both for the fan coils and the cooling deck subcomponents, all cooling devices are assumed to be connected 
in parallel. The pressure losses for the element in the group with  a higher pressure drop value are assumed 
for the whole group. 

9.7  Pumps 
Idealized pump models have been used within this simulation work. All three external pumps present in the 
system work with a constant mass flow rate if they are switched ON and no mass flow if their status is OFF. 
This pumps models have been specially developed within the Modelica PolySMART package for this 
simulation work. The constant mass flow rates used for simulation where given in section 8 of this report.  

The power consumption of the pumps is calculated by each of the pump models from the total amount of 
hydraulic work made to pump the given flow rates and the pressure drops present at each of the circuits 
where the pumps are installed. Using a constant overall efficiency for the pumps, the electric power 
consumption is calculated. 

A constant value of 0,3 is assumed for the efficiency of the 3 pumps present at the external circuits. 

 

9.8  Pipes  
For each of the segments connecting the modeled components a model for the connecting pipes was 
introduced. This model was adapted from the Modelica Fluid Library to include thermal losses to the 
environment, that is considered to have in all cases a constant temperatures. The length for each of the 
pipes segments can be read from figure 8.1.  

The pipe model include a calculation model for the pressure losses due to friction, that are calculated as a 
function of the flow rate and internal dimensions of the pipe, assuming quadratic turbulent regime with 
constant loss factor data. The pipes are discretized in finite volumes, being decided to chose 1 segment per 
meter of pipe length. 
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For heat losses calculations  constant convective heat transfer to the enviroment is assumed. It is assumed 
that all pipes are installed inside the building (as the dry cooling towers are installed in the basement) and a 
constant temperature of 20°C for the environment is used. A heat transfer coefficient of 3,77W/m2 was 
assumed for all pipes, resulting for an insulation thickness of 30mm for DN 25 pipes according to the 
German Energy Savings Ordenance (EnEv). 

 

 

9.9   Components for system control 
 

Three specific components have been developed to simulate the performance of the three controllers include 
in all system sets. 

 

CHP UNIT ON/OFF CONTROLLER  
 

 

Figure 9.9:  Modelica implementation (left) and use in system simulation of the ON/OFF controller for the CHP  
 

This controller model stops the CHP unit operation if the temperature of the cooling water feeding it rises 
above a certain value, and is starts its operation again if the temperature at the controlled point is below an 
even smaller value. An inverse hysteresis component from the Modelica model is employed, to decide if the 
START or STOP condition are present. The logical structure presented at the left of figure 9.9 ensures that 
the unit starts or stops only 300 sec after one of the conditions gets true, and that the CHP unit remain at its 
ON or OFF status. 

 

TDC Unit ON/OFF CONTROLLER  

The TDC unit controller starts the operation of the TDC and all pumps supplying hot, cooling and chilled 
water at its external circuits if the start condition is true and the stop condition is false. The start condition is 
that the temperature at the top of the hot storage tank must be higher than 75°C, and  the stop condition is 
when the temperature of the hot water at the TDC unit inlet becomes lower than 45°C. Figure 9.7 shows how 
this component submodel is implemented in the tank. The internal structure of the subcomponent is very 
similar to that presented in figure 9.6 for the CHP ON/OFF controller and will not be  further explained in 
here. All logical subcomponents have been taken from the Modelica standard library or been developed for 
this special case. 
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Figure 9.10:TDC ON/OFF controller component being used  for  system simulation   

COOLING TOWER SPEED FAN CONTROLLER  

The controller described in section 8 controlling the chilled water outlet temperature by changing the cooling 
water inlet temperature is based on the characteristic equation method, that calculates the cooling capacity 
as a function of the temperatures of the flows at the external circuit of the TDC. Using the modified 
characteristic equation as described by Kühn [Kühn, 2007] the set  value for the cooling water temperature 
can be calculated. This set value is compared with the actual value for the cooling water temperature and by 
using a PI-control the speed of the cooling tower fan would be increase or decrease depending on the 
measured error until the set value is achieved. 

This has been implemented for the subcomponent for the cooling tower speed fan controller as it is h shown 
in figure 9.11. 

Figure 9.11:TDC Internal structure of the Modelica implementation of the cooling tower speed fan controller  

 

10 Case and set description 

The system presented in section 8 was simulated under different hypothesis for the demanded cooling load 
and using different type and number of cooling distribution elements, trying always to optimize the number of 
cooling distribution elements needed to cover the cooling demand. The variation on the considered cooling 
demand produces 2 different simulation cases, while the definition of different system configuration for 
different cooling distribution elements is presented on different simulation sets. Additionally two simulation 
cases are presented, in which the diameter of the pipes present at the chilled water circuit have been 
substituted. 
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10.1 Boundary conditions  

Main boundary conditions for all system simulation are the weather conditions, and more concretely the 
ambient temperatures considered, that determine the thermal and electrical performance of the heat 
rejection circuit. 

Other boundary conditions are the temperatures considered for the machine room, where the main 
components are installed. This temperature sets the heat losses to the ambient of the CHP unit and the hot 
water storage tank. For all simulated sets and cases it will be considered that this temperature has a 
constant value of 20°C for the whole simulation period. This value of 20°C is also considered to be the 
ambient temperature for all pipes: it is assumed that pipes for all hydraulic circuits are installed inside the 
building and the variation of the temperatures around them will not change that much. 

For all dynamic simulation start values are needed for the initialization: for all simulated sets and cases start 
temperatures of 20°C have been considered for fluids at all components. All pumps and other devices are 
stopped before simulation start. 

For all cases and sets a dynamic simulation was run for a 168 hours period. The chosen period corresponds 
to the summer week with the higher ambient temperatures in the typical year weather data obtained from 
Meteonorm for the location of Munich. Under this circumstances, the worst expected performance of the 
plant will be obtained. 
 

10.2 Case description  
As it was mentioned above, due to lack in available information it was not possible to obtain cooling loads 
profile that could be used for the simulation. To be able however to obtain some outcome of the simulation 
work, it was decided to simulate the performance of the plant under 2 different cooling load hypothesis 
conducting to 2 simulation cases. 
The first hypothesis assumes that constant loads are present for the whole cooling period (considered to 
include the time between  May and September). For this first case it has been  assumed that for the 
climatization of the building 9.6kW of cooling  must be supplied. This corresponds to nearly the nominal 
cooling capacity of the TDC unit of 10kW. 
For the second approach  it would be assumed again that  the system cooling demand is constant but  has a 
lower value than the nominal capacity of the TDC unit. A constant cooling load of 6.4kW is assumed for this 
second case,  that forces the TDC unit to work at partial load. 
In total 4 simulation cases have been evaluated: 2 with a nearly nominal cooling load profile and 2 with a 
partial  cooling load profile. For both load profile hypothesis simulations have been performed considering 
that pipes at the cooling distribution system  with an internal diameter of circa 25 mm are used (DN 25) or 
new pipes substituting the existing ones with a diameter of circa 40 mm (DN 40). If new pipes with bigger 
diameter are installed the pressure losses  at the chilled water circuit can be reduced and thus the parasitic 
electric consumption. 
FIRST SIMULATION CASE: CONSTANT NEARLY FULL  LOAD  COOLING PROFILE DN 25 
 
As it was mentioned for this case a nearly constant cooling load of 9.6kW is assumed. The system set up 
and control strategy corresponds to that described in section 8. 
For this simulation case, 5 different simulation sets have been simulated and compared. Each of the 
simulated cases include a different option for the chilled water distribution devices and chosen temperature 
level. In a first moment it was only planned to simulate sets including fan coils as  devices for the cooling 
distribution, but after considering the high power electrical consumption related with the considered fan coils, 
an alternative installation of cooling decks substituting the fan coils was included in form of 2 new simulation 
sets. 
 Because no information was available about the cooling emission devices already installed in the real plant 
SP8A (it was only known that they were fan coils, but no information about manufacturer, size or 
characteristics was found) based on available information for  fan coils  and cooling decks. 5 different options 
have been consider. Each of the the options or sets change in number and model of the installed cooling 
elements, working this different temperature levels. The temperature level and temperature difference 
chosen sets the flow rate. The table  10.1 summarizes the main characteristics for each of the simulation 
sets.  
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Set Tfeed 
Treturn Cooling elements  Flow rate

9.6 CD16 
27CE 16°C 18°C 27 cooling panels SKS 4/3 27x2.9m2 27x355W       

Electrical consumption  = 0W 1,14 kg/s 

9.6 CD16 
18CE 16°C 18°C 18  cooling panels SKS 4/3 18x4.4m2 18x533W      

Electrical consumption  = 0W 1,14 kg/s 

9.6 FC15  15°C 18°C 3 x Fan Coils REMKO KLT60 (3x3,2kW)            
Electrical consumption = 390W 0,75 kg/s 

9.6 FC11  11°C 15°C 2x REMKO KLT60 (2x4kW)  , 1x REMKO KLT50 
(1x1.6kW) Electrical consumption = 320 W 0,6 kg/s 

9.6 FC7  7°C 12°C 1xREMKO KLT60 (1x5.3kW) , 1xREMKO KLT35 
(1x4.3kW) Electrical consumption = 220 W  0,445 kg/s

Table 10.1: temperauture levels, cooling elements and flow ratesat chilled water circuits for CASE A system sets 
 
As it was mentioned before each of the considered sets represents a different alternative in number and type 
of cooling distribution devices, corresponding to the best option between the considered ones with either 
REMKO fan coil  units or KRANTZ SKS cooling deck panels delivering the cooling capacity at a given 
temperature.  The number and type of devices working in type was calculated following the manufacturer 
instruction. In this way the chilled water flow rate for a given cooling load is determined by the temperature 
levels at which the cooling devices work. 
Pressure losses and parasitic electric consumptions change with selected device and configuration  as it was 
explained in section 9.6, but play a major role in the electric performance of the system due to related power 
consumption. 
 
 
SECOND SIMULATION CASE: CONSTANT NEARLY FULL  LOAD  COOLING PROFILE DN 40 
 
For the second simulated case same sets described in table 10.1 for the first case have been simulated. The 
assumed constant load profile remain the same and by this reason there is no change in cooling devices or 
flow rates for each of the considered chilled water temperature levels. 
for the second simulation case however all pipes at the chilled water distribution systems have change its 
diameter from DN 25 to DN40. In this way it is expected to have smaller pressure drops at chilled water 
pipes by the given chilled water flow rates and consequently lower power consumption for the chilled 
distribution system. 
All other components including control units and control parameters correspond to those explained for the 
reference system. 
 
THIRD SIMULATION CASE: CONSTANT PART   LOAD  COOLING PROFILE (MEDIUM)  DN 25 
 
For the third simulation case  a constant cooling load of 6,4kW for the whole cooling period is assumed, 
changing in this way the necessary flow rate needed for covering the cooling loads at each of the considered 
chilled water temperature levels. 
System set up and cases will be analogue to those presented in simulation set A. The only difference with 
the cases presented in the first simulation sets relies on the cooling distribution system: smaller fan coils or a 
reduced number of cooling decks and smaller chilled water flow rates are needed for smaller cooling loads. 
Again here as was made for the first and second case, the minimal number of fan coils and the smaller fan 
coils has been chosen  for each temperature level following cooling devices manufacturer instruction for 
dimensioning the cooling distribution system.  
All other components including control units and control parameters correspond to those explained for the 
reference system. 
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Set Tfeed 

Tretur

n 
Cooling elements  Flow rate

6.4 CD16 
18CE 16°C 18°C 18 Cooling Elements SKS 4/3 27x2.9m2 18x355W      

Electrical consumption  = 0W 0,76 kg/s 

6.4 CD16 
12CE 16°C 18°C 12 Cooling Elements SKS 4/3 18x4.4m2 12x533W      

Electrical consumption  = 0W 0,76 kg/s 

6.4 FC15  15°C 18°C 2 x Fan Coils REMKO KLT60 (2x3,2kW)              
Electrical consumption = 260W 0,5 kg/s 

6.4 FC11  11°C 15°C 1x REMKO KLT60 (1x4kW) , 1x REMKO KLT50 
(1x2.4kW) Electrical consumption = 220 W 0,4 kg/s 

6.4 FC7  7°C 12°C 1xREMKO KLT60 (1x5.3kW), 1xREMKO 
KLT35(1x1.1kW ) Electrical consumption = 190 W  0,3 kg/s 

Table 10.2: temperature levels, cooling elements and flow rates at chilled water circuits for CASE A system sets 
 
 
 
FOURTH SIMULATION CASE: CONSTANT PART LOAD  COOLING PROFILE (MEDIUM)  DN 25 
 
All sets described for the third simulation case without any modification in the components or control strategy 
used have been simulated for the fourth simulation case. 
As it happened between the first and the second simulation cases,  the only difference between the third and 
fourth simulation is that all pipes at the chilled water hydraulic circuit have change its diameter from DN 25 to 
DN 40. 
 
 

11 Results 

11.1 Case A: constant almost nominal TDC cooling load (9.6kW) with DN 25 pipes 
at chilled water circuit  

 
All system sets specified for these case have been simulated under   same boundary conditions for the 
hottest week of the year in Munich  assuming an almost nominal TDC cooling load. The most important 
performance figures  obtained from these simulations are presented in Table 11.1 
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SET
CHP Fuel energy consumption [kWh] 3420,5 3420,5 3420,5 3420,5 3388,6
CHP Unit Power Supply [kWh] 923,5 923,5 923,5 923,5 914,9
CHP Unit Heat Supply [kWh] 2104,8 2104,4 2102,0 2096,7 2064,7
CHP Efficiency [%] 88,53 88,52 88,45 88,30 87,93

Heat supplied to TDC [kWh] 1880,7 1879,4 1871,0 1853,9 1800,1
Cooling production at TDC [kWh] 1428,7 1427,6 1420,7 1406,6 1362,4
TDC COP [-] 0,760 0,760 0,759 0,759 0,757
TDC electrical Power Consumption [kWh] 175,3 174,9 144,1 139,3 134,7
TDC electric performance factor [kWth/kWel] 8,15 8,16 9,86 10,10 10,12

Cooling supplied to load [kWh] 1422,8 1421,6 1412,7 1393,9 1340,8
Cooling demand [kWh] 1612,8
Cooling demand CHCP fraction [%] 88,22 88,14 87,60 86,43 83,13
Plant thermal performance factor [kWth/kWth] 0,676 0,676 0,672 0,665 0,649
Plant electrical power consumption [kWh] 263,2 247,6 237,9 210,6 182,1
Plant electrical performance factor [kWth/kWel] 5,41 5,74 5,94 6,62 7,36
Overall plant efficiency  [%] 63,69 63,93 63,86 63,82 63,17

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25

 
Table 11.1: Simulated main performance figures for case A for the hottest week of the year 

 
 
At the table above it can be observed that although all simulated sets present really similar values for the 
CHP unit overall efficiency (between 88-88,5%) those sets working with higher chilled water temperatures 
present better ones. This fact can be attributed to the lower CHP cooling water temperatures simulated  for 
systems with higher chilled water, as it is explained in the next lines at the dynamic analysis. It can also be 
observed that the TDC thermal performance factor is again slightly better for systems with higher chilled 
water temperatures, but the differences  between these values are not significant and the reasons were not 
further investigated. 
Regarding electrical performance of the TDC  those systems with lower chilled water temperatures present 
better results. The reason are the lower flow rates needed at the chilled  water circuit for lower temperatures, 
which reduces the power consumption at these pumps. The power consumption at the cooling tower is very 
similar for all simulated sets under the simulated conditions with high ambient temperatures, as it is 
discussed afterward when comparing electric performances for different partial loads, and by this reason the 
power consumption at the distribution decides with system sets are more efficient with regards to electricity. 

Regarding the overall electric performance of the plant, the sets working with lower chilled water 
temperatures present again the best results. Although the simulated sets with cooling decks does not have 
any power consumption caused by cooling distribution devices (as systems with fan coils do), the big power 
consumptions related  to higher flow rates  at the chilled water circuit make systems with cooling decks 
working at 16°C perform worst from an electric point of view that those working with fan coils, being the high 
pressure losses present at the circuit with DN25 pipes  the main reason. 

The plant thermal coefficient of performance is on the other hand better for those systems working with 
higher chilled water temperatures. Reason for that is not only the higher thermal losses present at pipes if 
the chilled water temperature is reduced, but more significantly that the TDC is not always able to obtain the 
desired chilled water temperatures under given conditions if this chilled water temperature is low, and the 
cooling distribution devices working with higher temperatures than those of the design case can not supply 
the desired cooling to the load (compare  Cooling demand fraction covered by the plant in the table). This 
fact becomes even more evident by looking at the dynamic result analysis (figure 11.6). 

From an overall efficiency consideration the systems working with higher chilled water temperature perform 
better, due to their better thermal performance. Differences in overall plant efficiency between all considered 
options however, are not really significant. For this simulated case, for operation under high ambient 
temperatures for the given location and given plant with DN 25 pipes at the distribution system, substituting 
the existing fan coil system by cooling decks does not really bring big energetic advantages, and other 
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considerations like price and installation difficulties should play a big role, and would probably recommend to 
continue operating with fan coils.  

 

PRIMARY ENERGY ANALYSIS 

The overall plant efficiency presented in Table 11.1 relates the energetic efficiency of the plant, but it does 
not make any distinction between fuel chemical energy and electric energy supply as inputs to the plant, not 
taking into consideration that the electric energy supply is not a primary energy flow. 

In order to analyze the performance of the plant from a primary energy perspective, primary energy factors 
for the electric supply must be used. In addition a primary energy factor for the fuel supply  is also needed. 2 
primary energy factors have been considered for the energy supply: the first one is the primary energy factor 
for the German electricity mix  with a value of 2,7. The second one correspond to a European average 
(UCTE) and has a value of 3,25. For the natural gas supply, a value of 1,2 taken from a IEA report  indicating 
methodologies for the performance analysis of residential cogeneration units [Dorer,2007] . The primary 
energy factors obtained for each set are  compared with primary energy factors of conventional system, 
which get the electricity from the electrical network and use a conventional compression chiller to provide 
cooling. An Energy Efficiency Ratio of 2,9 (usual value taken from Eurovent) have been considered for this 
conventional chiller. 

With these values used for the primary energy factors, and using the definition given in section 5.4 following 
NRPE for the plant are obtained for the system sets simulated in case A  for the operation  of the plant 
during the hottest week of the year in Munich. 

 

SET
NRPE factor plant German network 1,97 1,95 1,95 1,92 1,9
NRPE factor conventional system German network 1,03 1,03 1,03 1,02 1,01
NRPE factor plant  European network average (UCTE) 2,04 2,02 2,01 1,98 1,96
NRPE factor conventional system European average (UCTE) 1,81 1,81 1,81 1,80 1,77

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25

Table 
11.2: simulated  primary energy factors for case A for the hottest week of the year 

 

The results presented in table 11.2 show that if primary energy performance is considered, the system sets 
working with lower chilled water temperatures get the best results. Because of the high plant power 
consumption for CASE A, system sets with a better plant electric performance are more efficient from a 
primary energy consideration. In addition, the fraction covered by the back up system (under this condition 
covered with better primary energy efficency) is bigger for systems with lower chilled water temperature. All 
together it results that  for this case A, having DN 25 pipes at the chilled water circuit, working with low  
chilled water temperatures is the best option from this point of view. 

The primary energy factors obtained for all simulated sets are always worst than those of the compared 
conventional system with the  assumed  factors for electricity supply and conventional chiller EER. In this 
way, due to high parasitic consumption and low electric efficiencies of the CHP unit (constant value of 27% 
for all simulated sets) no primary energy savings can be achieved for any of the simulated sets 
independently that the net factors considered. 
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DYNAMIC RESULTS ANALYSIS 

All sets where simulated for the hottest week of the year (168 simulation hours). The simulated  dynamic 
behavior of selected variables of the CHP, TDC unit  and plant is presented in the next figures. 

Figure 11.1: CHP unit cooling water temperatures for the first two days operation of CASE A 
 

Figure 11.1 presents the simulated temperature values for the water flow cooling the CHP unit and flowing 
into the hot water buffer storage tank. In this figure only the first two days of operation are plotted, until a 
nearly stationary operation state is achieved. Almost 7 hours  needs  the cooling water flow to increase its 
feed temperature to the CHP unit from 20 to  around 70°C. This time is needed to increase the temperature 
of the water stored at the hot water tank. 300 seconds after the temperature at the top level of the hot water 
tank  achieves 75°C the pump supplying hot water to the TDC starts to work. Water return first from the TDC 
to the tank with a temperature of 20°C, and that is why the temperature at the bottom of the storage tank 
(that is the temperature at which the water returns to the CHP unit) falls down really fast  to a temperature 
around 40°C in a first moment. As a consequence the temperature level for the water sent to the CHP  is 
reduced in a really fast way after around 7h of operation. After this point, the temperature trends at figure 
11.1 are different depending on the simulation set considered.  

For the set 9.6 FC 12/7 the temperatures are maintained constant at around 77/57°C and  stationary 
operation  is achieved only some minutes after the TDC starts its operation. For the set  9.6 FC 18/15 the 
temperature levels are continuously reduced until the stationary operation is achieved around 24h after the 
TDC starts to work (with temperatures around 68/48°C). As a general trend for this case  can be said that 
systems sets with higher chilled water temperatures work with lower temperatures for the CHP cooling water, 
what can be one explanation for the slightly higher overall efficiencies. 

The different temperature levels for CHP cooling water flows for  different sets is caused by the difference in 
the behavior of the TDC control unit. These differences can be shown on figure 11.2, that presents 
temperature levels at the external hot water and cooling water circuits of the TDC unit. The control unit 
changes the cooling water inlet temperature to the TDC following the method  explained in section 8.  

The set 9.6 FC12/7 tries to get chilled water at 7°C and  the cooling water inlet temperature is reduced  to 
the minimum allowed value (22°C) almost immediately after TDC operation starts, and the stationary 
operation starts also almost immediately. On the other side, for the set 9.6 FC 18/15 the control unit reduces 
the cooling water temperature following the reduction in value for the hot water inlet temperature. (for same 
hot water inlet temperature lower cooling water inlet temperatures are needed to get lower chilled water inlet 
temperatures), and it takes a long time until stationary operation is achieved. 
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Figure 11.2: Hot water (red/yellow lines) and cooling water (green lines) temperatures at TDC 
external circuits for the first two days operation of CASE A 

 
 
For set  9.6 FC 18/15, the hot water temperature is reduced for the first 12 hours of operation of the TDC 
because during this period the hot water heat flow  transferred to the TDC is  bigger than the heat flow 
transferred from the CHP into the hot water storage tank, and the temperature at the tank is reduced. (Figure 
11.3). At this point, the TDC control unit has already set the cooling water temperature at its minimum value 
of 22°C. For some more hours the hot water heat flow rate continues being reduced (with reduced hot water 
inlet temperature) until the stationary operation is achieved, at around 30h after simulation start (stationary 
temperatures at the storage tank).  
Looking at figure 11.3 it becomes clear that the desired cooling capacity of 9.6 kW can not be achieved for 
any of  the simulation sets plotted. Only for the first operation hours, when the hot water temperatures are 
high enough, gets the set 9.6 FC 18/15  the desired capacity. For the first 48 hours of the simulation 
presented in figure 11.3 the achieved cooling capacity is below the cooling load all the time for all simulated 
sets. 
 

Figure 11.3: Heat flows from CHP unit, heat input to TDC, TDC cooling capacites and cooling load 
for the   first two days operation of CASE A 

 
Figure 11.4 show for the whole simulated period the same figures presented in Figure 11.3. It becomes clear 
that for most of the simulated period the TDC cooling capacity is smaller than the required cooling load for all 
system sets. It is also clear that  system  sets working with higher chilled water temperatures get more 
cooling capacity than those working with lower chilled water temperatures, as it is the rule for thermally 
driven chillers. (in order to obtain more cooling capacity for the given hot water temperature inlet, the cooling 
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water temperature should be reduced, but that is not possible since all sets work with the lower allowed 
temperature of 22°C). 
It is also observed that the cooling capacity does not remain at the stationary constant level achieved after 
the first 30 operation  hours, being for most of the simulation time the cooling capacity reduced and 
increased during operation. This is a consequence of the fluctuating cooling water temperatures, that 
influence not only the cooling capacity but also the hot water return temperature, influencing in this way the 
hot water temperature that influence again the cooling capacity. It can also be observed that by the end of 
the simulation the heat supplied by the CHP falls to zero: at this moment the hot water tank is full the 
temperature of the cooling water to the TDC rises above 72°C and the CHP unit is switched OFF. 
 

Figure 11.4:  Heat flows from CHP unit, heat flow input to TDC, TDC cooling capacity and cooling 
load for  CASE A simulations 

 
Fluctuations in the simulated cooling water inlet temperature can be observed in figure 11.5 (dark green 
lines). Although the control unit tries to work with as low as possible cooling water temperature the cooling 
water temperature rises during operation because of the external ambient temperatures. For high ambient 
temperatures it is impossible for the dry cooling tower to reduce the cooling water temperatures to the 
desired temperature. 
 

Figure 11.5: Hot water (red/yellow lines) and cooling water (green lines) temperatures at TDC 
external circuits for   CASE A simulations 

 
 
For high cooling water temperatures, the cooling capacity is reduced and also the hot water heat flow 
transferred to the TDC (see figure 11.4). Because the hot water heat flow transfer is reduced, hot water 
returning to the storage tank has a higher temperature. The temperature at the hot water tank rises and so 
does the the temperature of the water cooling the CHP unit and the temperature of the hot water flowing into 
the TDC.  
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Only at those time periods when the hot water inlet is still high but the dry cooling tower is able again to cool 
down the cooling water to the desired level, can the desired cooling capacity  be achieved, as it is the case 
after 100h simulation (figure 11.4). 
 
 

Figure 11.6: Chilled water temperatures at TDC external circuits for  CASE A simulations 
 
 
This limitation in cooling capacity can also be observed by taking a look  at the chilled water temperatures 
(figure 11.6). For most of the simulation time, the set value of 7°C can not be achieved for set FC 12/7. Only 
after circa 120 simulation hours, with a cooling capacity higher than 10kW  and a chilled water inlet 
temperature below 13°C, was possible to achieve chilled water outlet temperatures of around 7°C.  Same 
happens  for the set FC 18/15 although the differences between set and achieved values are not so big in 
this case. 
 
All reasons pointed in this dynamic analysis contribute to the differences in the plant thermal performance for 
the different set configuration simulated for case A and  that can be observed in the table 11.1. 
 
WHOLE COOLING PERIOD ANALYSIS 
 
The simulation results presented in last section give us information about the simulated operation of the plant 
under worst possible ambient conditions (hottest week of the year). For the simulated week, systems with 
lower chilled water temperatures obtained the best electric performance because of the lower flow rates at 
the chilled water circuit, and almost equal power consumption at the dry cooler. But, what happens if ambient 
temperatures are lower and the power consumptions at dry cooler are different? Are system sets always 
more electric efficient for any ambient temperature or maybe another set takes their place? In order to 
answer this question the main performance figures presented in Table 11.1 where calculated based on 
simulated operation of all system sets for the whole cooling period (counting from May to September) 
assuming a constant cooling load of 9.6 kW. The results obtained are presented in Table 11.3. 
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SET
75776 75776 75776 75776 75713
20460 20460 20460 20460 20443
46889 46681 46622 46482 46150
88,88 88,60 88,53 88,34 87,95

43853 43833 43668 43278 42407
33340 33324 33188 32867 32150

TDC COP [-] 0,760 0,760 0,760 0,759 0,758
3722 3716 3008 2889 2787

8,96 8,97 11,03 11,38 11,53

33207 33187 33011 32585 31658
35712

92,99 92,93 92,44 91,24 88,65
0,708 0,711 0,708 0,701 0,686
5751 5394 5168 4530 3880
5,77 6,15 6,39 7,19 8,16

65,83 66,09 66,06 66,05 65,46

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25

CHP Fuel energy consumption [kWh]
CHP Unit Power Supply [kWh]
CHP Unit Heat Supply [kWh]
CHP Efficiency [%]

Heat supplied to TDC [kWh]
Cooling production at TDC [kWh]

TDC electrical Power Consumption [kWh]
TDC electric performance factor [kWth/kWel]

Cooling supplied to load [kWh]
Cooling demand [kWh]
Cooling demand CHCP fraction [%]
Plant thermal performance factor [kWth/kWth]
Plant electrical power consumption [kWh]
Plant electrical performance factor [kWth/kWel]
Overall plant efficiency  [%] TTable 

11.3: simulated main performance figures for case A for the whole cooling period operation  
 
 
 
Comparing tables 11.3 and 11.1 it can be deduced that CHP efficiencies, TDC thermal performance factors 
and plant electrical, thermal and overall efficiencies are better considered for the whole period. 
 
Only TDC thermal performance factor does not experiment any change with respect to the values observed 
for the operation of the operation for the hottest summer week. Responsible is the control strategy for the 
chilled water temperature (explained in section 8) that controls the cooling water temperature and maintains 
an equally efficient thermal operation.  
The electrical performances are improved because  lower power consumption at the dry coolers have been 
simulated for days with lower ambient temperatures. That is reflected also in the plant electrical performance 
factor. In this with lower ambient temperatures, the set values for the chilled water temperature can be 
achieved, the cooling load can be covered with the TDC and the thermal performance is increased. Also the 
weight of the start-up operation (with worst thermal performance factor) is reduced if a longer period is 
simulated. In conclusion most of the performance factors are increased compared with the performance 
under worst possible ambient conditions. However, from a simple energetic analysis of the plant. Those 
system with higher chilled water temperature take more profit of the energy flow into the plant. 
 
 
PRIMARY ENERGY ANALYSIS FOR THE WHOLE COOLING PERIOD 
 
Again the flow inputs to the plant have different  primary energy factors associated. If the same calculation 
for energy primary factors  for the plant made for a week in summer are made for the whole cooling period 
using the same parameters, the results presented in  table 11.4 are obtained. 
 
 

Table 11.4:simulated primary energy factors for case A for the whole cooling period operation . 
 
 

SET
NRPE factor plant German network 1,94 1,92 1,91 1,89 1,87
NRPE factor conventional system German network 1,04 1,05 1,04 1,04 1,03
NRPE factor plant  European network average (UCTE) 2 1,98 1,97 1,94 1,92
NRPE factor conventional system European average (UCTE) 1,85 1,85 1,84 1,83 1,81

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25
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The primary energy factors obtained now are slightly better (that means lower) but the differences between 
the difference sets are the same that have been presented in table 11.2 for operation for the hottest week of 
the year. Again no primary energy savings can be achieved for any of the simulated sets related to a 
conventional plant working with a compression chiller and consuming electricity from the grid. It is confirmed 
that with the considered sets and primary energy factors and mainly because of the high pressure drops at 
the chilled water circuit, those systems sets with low chilled water temperature are more effective from an 
primary energy consideration. 

 
 
The results presented at tables 11.3 and 11.4 presented the main energetic performance figures obtained  
for the different simulated sets for the whole cooling period, but only by looking at these tables it is not 
possible to evaluate how the thermal, electrical and overall performances of CHP and TDC unit and the 
whole plant change with ambient temperature. In order to have an impression on how the main performance 
figures can change with different temperatures, the main performance figures are presented in the next 
graphs for each of the simulated months of the cooling period. 
 
At figure 11.7 the thermal performance factors are compared. It is observed that  both for TDC and plant the 
values are almost constant, and only for the first month worse plant thermal performance factors are 
obtained. One explanation for this can be the worse performance factor observed for start-up operation of 
the TDC. AS it was already explained, systems with higher chilled water temperatures present better plant 
thermal performance factors. 
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Figure 11.7: TDC (left) and plant (right) thermal performance factor for whole cooling simulation  
CASE A  

 
 

Figure 11.8 compare the electric performance factors for TDC and plant for every month of the simulated 
cooling period. It is clear that systems sets with lower chilled water temperatures obtain better electrical 
performance factors, and that for all simulated sets the electrical performance factors are better for this 
months with lower ambient temperatures. 
 

Figure 11.8:TDC (left) and plant (right) electrical  performance factor  for whole cooling simulation  CASE A  

 
 
In figure 11.9 the overall plant efficiency and NRPE are compared for each month and simulation set. Here 
again, for low ambient temperatures better overall plant efficiencies and non-renewable primary energy 
factors are obtained. And although the differences the primary energy factors is not so big between systems 
working with 16,15 and 11 °C chilled water feed temperature to load, the primary energy factors for systems 
with 7 and 11°C are significantly better than those for higher temperatures. 

Figure 11.9:Overall plant efficiency  (left) and NRPE (right) for whole cooling simulation  CASE A  
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11.2 Case B constant almost nominal TDC cooling load (9.6kW) with DN 40 pipes at 
chilled water circuit  

The simulation results from section 11.1 pointed out that for a considered cooling load near the nominal 
value for the TDC, the electrical performance of the simulated trigeneration plant was  better for systems 
working with fan coils at  lower temperatures. The  identified reason was the increased power consumption 
at the chilled water distribution pump for the  higher volume flows needed by systems with higher chilled 
water temperatures. With these high flow rates the increase in power consumption at the pumps is higher 
than the savings achieved by reducing the power consumption at the rejection heat  unit by working with 
higher chilled water temperatures plus the savings achieved by having no power consumption at the 
distribution if using cooling decks. 

For CASE B the  pipes installed at SP8A at the cooling distribution circuit and considered for simulation  in 
CASE A with a nominal diameter of DN25 where substituted for pipes with a nominal diameter of DN40. 

 

SET
CHP Fuel energy consumption [kWh] 3420,5 3420,5 3420,5 3420,5 3388,6
CHP Unit Power Supply [kWh] 923,5 923,5 923,5 923,5 914,9
CHP Unit Heat Supply [kWh] 2104,8 2104,4 2102,0 2096,7 2064,7
CHP Efficiency [%] 88,53 88,52 88,45 88,30 87,93

Heat supplied to TDC [kWh] 1881,1 1879,8 1871,2 1854,6 1801,2
Cooling production at TDC [kWh] 1429,0 1428,0 1420,9 1407,2 1363,2
TDC COP [-] 0,760 0,760 0,759 0,759 0,757
TDC electrical Power Consumption [kWh] 196,4 175,0 144,2 139,3 134,7
TDC electric performance factor [kWth/kWel] 7,278 8,158 9,854 10,099 10,120

Cooling supplied to load [kWh] 1419,7 1418,5 1408,3 1387,3 1329,2
Cooling demand [kWh] 1612,8
Cooling demand CHCP fraction [%] 1609,38 1607,98 1596,39 1572,58 1506,70
Plant thermal performance factor [kWth/kWth] 0,675 0,674 0,670 0,662 0,644
Plant electrical power consumption [kWh] 203,57 187,99 221,16 201,96 178,41
Plant electrical performance factor [kWth/kWel] 6,97 7,55 6,37 6,87 7,45
Overall plant efficiency  [%] 64,66 64,90 64,03 63,79 62,91

CD16 18CE 
DN40 

CD16 27CE 
DN40 

FC15 
DN40

FC11 
DN40

FC7 
DN40

 Table 
11.5: simulated main performance figures for case B for the hottest week of the year 

 
The results obtained for the simulation of the different sets for the operation in the hottest summer week for 
this new case are summarized in Table 11.3. As it was expected, the performances of the CHP unit and the 
TDC are exactly the same as those obtained in CASE A, as nothing was changed there. The small 
differences in the calculated TDC electric performance fact are due to minor errors in the calculation method 
for this figure.  

Looking at the plant performance figures, the small differences in the thermal performance factors can be 
attributed to the higher heat losses at the chilled water distribution pipes if its diameter increase. Regarding 
the plant electric performance the first fact that can be identified is that the power consumption for all sets is 
reduced compared to that of the same sets simulated in case A. However, the relative power consumption 
reduction have been much more important for those system sets that work with higher flow rates at the 
chilled water distribution circuit. 

If the chilled water distribution pipes are changed by new ones of type DN40, the systems working with 
cooling decks at relatively high chilled water temperatures present now the best electric performance under 
the conditions considered in this case. If only system sets using fan coils are compared, the system sets with 
lower chilled water temperatures still present better electric performances, but the differences between worst 
and best case have been reduced. And when  the overall plant efficiency is compared, it becomes more 
clear that systems working with higher chilled water temperatures perform better from an energetic point of 
view. 
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In this case, based on the simulation results it is recommended to run the plant with the highest possible 
chilled water temperature, as it would bring advantages in both the electric and the thermal plant 
performance.  

No  simulation  analysis for the whole cooling period was performed for this case. For the highest possible 
ambient temperature (simulated period), with all sets having similar electric power consumptions at the heat 
rejection, the systems with higher chilled water temperature present the better electric performance, so it is 
assumed that they will continue having the best electric performance for lower ambient temperatures, that 
allow further electric consumption savings for systems with higher chilled water temperature.  

 

As a conclusion, it is assumed that also for the whole cooling period the systems working with higher chilled 
water temperatures will obtain the better energetic performance figures. The performances figure for the 
whole cooling period are expected to be better than those obtained at table 11.1 that can be considered as a 
lower limit for the operation of the plant. 

 

PRIMARY ENERGY ANALYSIS 

 

Also for case B the primary energy factors have been calculated based on the simulated values. Same 
parameters and assumptions made for case A  are made for this case. 

 

Table 11.6: simulated main primary energy factors for case B for the hottest week of the year 
 

Now the systems working with higher chilled water temperatures present the best performance from a 
primary energy efficiency consideration. The system set working with 27 cooling deck elements in parallel 
present significantly the best performance. Even the system set with 18 cooling deck elements in parallel 
present better performance figures that all fan coil based sets. However again for none of the sets 
considered no primary energy savings can be achieved, regardless of the primary energy factors assumed 
for the electricity grid. 

Since the dynamic behavior of the system sets simulated in CASE A is almost identical to that presented for 
CASE A simulations except from the electric power consumption, no dynamic analysis is present for this set. 

 

11.2 Case C constant partial TDC cooling load (6.4kW) with DN 25 pipes at chilled 
water circuit  

The results for the simulation of CASE C, obtained for all system sets described in section 9.1   for operation 
of the TDC with a constant load of 6.4kW and including DN25 pipes at the chilled water circuit are presented 
in Table 11.7. 

 

SET
NRPE factor plant German network 1,91 1,89 1,93 1,92 1,9
NRPE factor conventional system German network 1,03 1,03 1,02 1,02 1,01
NRPE factor plant  European network average (UCTE) 1,96 1,95 1,99 1,98 1,96
NRPE factor conventional system European average (UCTE) 1,81 1,81 1,81 1,80 1,77

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25
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SET
CHP Fuel energy consumption [kWh] 2814,7 2813,0 2806,8 2833,3 2847,0
CHP Unit Power Supply [kWh] 760,0 759,5 757,8 765,0 768,9
CHP Unit Heat Supply [kWh] 1685,4 1684,0 1679,9 1697,4 1706,0
CHP Efficiency [%] 86,88 86,86 86,85 86,91 86,93

Heat supplied to TDC [kWh] 1400,4 1393,5 1393,1 1412,3 1418,4
Cooling production at TDC [kWh] 1033,2 1027,5 1027,2 1043,0 1047,9
TDC COP [-] 0,738 0,737 0,737 0,738 0,739
Chiller Electric Power Consumption [kWh] 95,5 95,4 86,6 90,1 96,2
Chiller electric performance factor [kWth/kWel] 10,82 10,77 11,86 11,58 10,89

Cooling Supplied to Load [kWh] 1025,8 1020,0 1018,5 1025,7 1022,8
Cooling Demand [kWh] 1075,2
Cooliing DemandTDC fraction [%] 95,40 94,87 94,73 95,40 95,13
Plant thermal performance factor [kWth/kWth] 0,609 0,606 0,606 0,604 0,600
Plant Efficiency (no parasitics)  [%] 63,44 63,26 63,29 63,20 62,93
Plant Electric Power Consumption [kWh] 130,2 120,0 142,7 135,5 133,6
Plant electric performance factor [kWth/kWel] 7,88 8,50 7,14 7,57 7,65
Overall Plant Efficiency  [%] 60,64 60,67 60,23 60,32 60,11

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25

 Table 
11.7: simulated main performance figures for case C for the hottest week of the year 

 
 
 

Now, for a constant cooling load reduced from 9,6 to 6,4 kW,  the overall performance of  the CHP  unit  has 
been reduced from efficiency  values of 88-88,5% to  new values around 87%. The efficiency values for the 
CHP are more concretely between 86,85 and 86,93% being not possible to find a trend explaining why these 
results are different. For such small differences calculation errors can not been excluded, so it can be 
assumed that for all simulated sets the CHP unit works with a similar efficiency. 

The thermal performance figures for the TDC unit are also reduced if the chiller works with a smaller cooling 
capacity: TDC thermal performance factor of around 0,738 are obtained for all of the simulated sets instead 
of the values of 0,76 obtained for the simulation cases A and B. Regarding the overall plant thermal 
performance factor, for the simulated case C values in a range between 0,600 and 0,609 depending on the 
set are obtained instead of the values between 0,676 and 0,644 obtained for the different sets of the 
simulated cases A and B. With  smaller cooling  loads a smaller part of the heat generated at the CHP unit is 
now used, reducing in this way the overall thermal efficiency of the plant, defined as the ratio between the 
total cooling production and the amount of heat supplied by the CHP unit. Again in this case it is observed 
that those systems working with higher chilled water temperatures present better overall thermal 
performance figures.  

On the other hand, the values for electrical performance factors for this case are better for all simulated sets 
than those obtained for the simulation case A and B. That means that the electrical performance factor for 
both TDC and plant are better if the cooling load covered by the TDC is lower. This can be explained by the 
fact that  the flow rate at the chilled water circuit is reduced for operation under partial cooling loads and the 
rotational speed at the dry cooling tower can be reduced (higher cooling water temperatures are allowed) as 
well, leading both reductions to reduction in the electric power consumption of the plant. 

With lower cooling loads present and reduced flow rates at the chilled water circuit, now the fan coil system 
with the higher chilled water temperature presents the best TDC electrical COP performance: the energy 
savings achieved at the cooling tower by working with higher chilled water temperature are now bigger than 
the power consumption increase related with higher flow rates. The systems with cooling decks obtain 
however now the better plant electric performance figures, due that the power consumption at the fan coils 
units now represents a higher weight. 

In this way, when the system works with the considered partial cooling loads, the systems working with 
higher chilled water temperatures obtain not only the best thermal performance figures but also the best 
electric performance figures, even with the  DN 25 pipes at the chilled water circuit . 
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The reduction in the thermal performance factors for lower cooling loads implies (despite of the increase in 
the electrical performance factor)  a reduction in the overall efficiencies of the trigeneration plant in cooling 
mode: for the hottest week of the year and DN 25 pipes at the chilled water circuit overall plant efficiencies 
between 60,1 and 60,7% are obtained (for a nearly nominal cooling load the values were in the range 
between 63,2 and 63,9%). 

 

PRIMARY ENERGY ANALYSIS 

 

Also for this simulation case the non-renewable primary energy factors have been calculated, using the 
same parameters and making the same assumptions as for both case A and B, but considering a reduced 
cooling load and a different amount of electricity supplied. The table 11.8 present the obtained factors. 

 

SET
NRPE factor plant German network 2,06 2,04 2,08 2,07 2,07
NRPE factor conventional system German network 1,09 1,09 1,09 1,09 1,09
NRPE factor plant  European network average (UCTE) 2,1 2,09 2,13 2,12 2,12
NRPE factor conventional system European average (UCTE) 1,97 1,97 1,97 1,98 1,98

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25

 Table 
11.8: simulated primary energy factors for case C for the for the hottest week of the year 

 
Again the systems with cooling decks presents the best results. The primary energy factors obtained for this 
case (lower cooling load) are for all sets worse than those obtained in cases A and B. So for lower cooling 
loads the overall performance is worst in all perspectives. 

 
 

DYNAMIC RESULTS ANALYSIS 

As it was made for CASE A, the  dynamic behavior of some selected variables of the system have been 
analyzed based on the simulation results.  

Analogue to figure 11.1  for case A, figure 11.7 presents the simulated temperature values of  the cooling 
water flow into the CHP, now being considered that a constant load of cooling load of 6.4kW is present. In 
figure 11.7 the results for a whole simulation period of 1 week are presented. 

 

Figure 11.10: CHP unit cooling water temperatures for the simulated operation   of CASE B 
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The first difference to be observed to the simulated case A is that now the curves trend is almost the same 
no matter which simulation set is considered. In figure 11.7 only simulations sets 6.4 CD16 12CE and 6.4 
FC7 are presented, but almost the same results are obtained for all simulated sets within  CASE C. The 
second big difference is that now the  temperature profiles present an oscillating behavior. This oscillating 
behavior is a consequence of the operation of the CHP unit, that is continously being switched ON and OFF. 
To explain why that happens the results for set 6.4 FC7 are analysed in next figures. Almost the same 
figures can be obtained for any of the other simulated cases. 

Figure 11.11: CHP unit cooling water temperatures and flow rate for the first two days operation    
of CASE B 

Figure 11.11 shows again  the temperature values of  the cooling water flow into the CHP during the 
operation of the first two simulated days for case B. Now, the mass flow rate for this cooling water flow is 
also plotted. The data are from set 6.4 CD16 12CE but are practically the same for all simulated sets. 

For the first 7 hours of operation  the behavior is the same as observed for case A. The flow rate is 
maintained at the minimal value to increase the cooling water temperature as soon as possible,, and   the 
cooling water flow  increase its feed temperature to the CHP unit from 20 to  around 70°C. (time is needed to 
increase the temperature of the water stored at the tank). 300 seconds after the temperature at the top level 
of the hot water tank  achieves 75°C the pump supplying hot water to the TDC starts to work. Water return 
first from the TDC to the tank with a temperature of 20°C, and that is why the temperature at the bottom of 
the storage tank (that is the temperature at which the water returns to the CHP unit) falls down really fast  to 
a temperature around 40°C in a first moment., reducing the CHP feed water temperature  in a really fast way 
. Then the temperatures start to raise again and the flow rate is increased by the cooling water control. At 
some moment, the flow rate achieves its maximum, but the temperature continues raising. At around  14,4 h 
simulation time,  around 7 hours after the TDC started its operation, the CHP cooling water feed temperature 
raises over the maximal allowed temperature of 62°C and the CHP unit is switched off.  The CHP unit is OFF 
for around 40 minutes (until the ON condition is true again) and then starts its operation again. The cooling 
water flow feed temperature raises  from less than 60 to 72°C again during 3 hours being the flow rate 
controlled in the same way, and then turned off. For the remaining simulated operation this cycles of 40 
minutes OFF and 3 hours operation are repeated again and again. 
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Figure 11.12: Hot water (red/yellow lines) and cooling water (green lines) temperatures at TDC 
external circuits for the first two days operation of CASE C 

 

The TDC however, does not stop its operation once the ON condition becomes TRUE, as figure 11.12 
shows. The temperature levels at the external circuit of the TDC follow now the oscillations of the 
temperatures of the water flow cooling the TDC.  With the TDC unit ON the hot water supply temperatures 
raises up to around 78°C. When the CHP is switched OFF this temperature is reduced  down to around 
59°C. The cooling water temperatures are adapted by the controller based on the characteristic equation  to 
supply a constant load of around 6.4kW: if the hot water temperature rises than the TDC can supply the 
desired cooling capacity with higher cooling water temperatures, but if the temperature of the hot water feed 
is reduced the cooling water temperatures must be at a lower level.  The cycles of operation  of the TDC unit 
are reflected on the temperature profiles here. 

 
Analogue to figure 11.4, figure 11.13  compares the heat supplied by the CHP unit with the heat transferred 
to the TDC by the hot water flow and the cooling capacity at the chilled water flow. During CHP operation, 
the CHP unit transfer about 12,4kW to the water flow cooling it. At the TDC however, only around 8,7kW are 
needed to produce the 6,4kW of cooling capacity. The remaining heat from the CHP is stored at the tank, 
that increases its temperature. At some moment the temperature at the bottom of the tank and flowing to the 
CHP is higher than 72°C and the CHP unit is switch OFF.  
When this temperature falls below 60°C the CHP unit starts to work again. This the explanation for the 
oscillations observed. This behavior is dependent on the storage tank volume, but the optimization of this 
component is outside the scope if this work. 
 

Figure 11.13:  Heat flows from CHP unit, heat flow input to TDC, TDC cooling capacity and cooling 
load for  CASE A simulations 
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The cooling load of 6.4kW can always be covered by the TDC as figure 11.11 shows. That means that the 
desired set temperature can always be maintained at the chilled water outlet of the TDC, for all simulated 
sets. Analogue to figure 11.6 the  simulated chilled water temperatures are now presented for two different 
sets  considered for the simulation case C and the whole simulation period. The periods when the 
temperatures cannot be maintained at the desired level  are when high ambient temperatures are present at 
the same time that the temperatures of the hot water supply to the TDC are its lower levels (around 60°C). 
Under this circumstances the set cooling load can not be provided. 
 

Figure 11.14: Chilled water temperatures at TDC external circuits for  CASE C simulations 

11.4 Case D constant partial TDC cooling load (6.4kW) with DN 40 pipes at chilled 
water circuit  

 

For case D the simulation sets presented for case C  assuming a partial cooling load of 6.4kW where 
simulated again considering this time that DN 40 pipes for the chilled water circuit. The most important 
performance figures obtained are presented in table 11.9. 

 

SET
CHP Fuel energy consumption [kWh] 2834,5 2813,4 2822,5 2864,2 2878,0
CHP Unit Power Supply [kWh] 765,3 759,6 762,1 773,3 777,1
CHP Unit Heat Supply [kWh] 1697,7 1684,2 1690,1 1717,1 1726,1
CHP Efficiency [%] 86,90 86,87 86,88 86,95 86,98

Heat supplied to TDC [kWh] 1410,6 1398,1 1397,8 1424,4 1436,5
Cooling production at TDC [kWh] 1041,6 1031,3 1031,1 1052,9 1062,9
TDC COP [-] 0,738 0,738 0,738 0,739 0,740
TDC electric power consumption [kWh] 95,6 95,4 86,8 90,2 96,9
TDC electric performance factor [kWth/kWel] 10,90 10,81 11,88 11,67 10,97

Cooling supplied to load [kWh] 1028,5 1019,5 1017,3 1025,4 1023,1
Cooling demand [kWh] 1075,2
Cooling demand TDC fraction [%] 95,66 94,82 94,62 95,37 95,16
Plant thermal performance factor [kWth/kWth] 0,606 0,605 0,602 0,597 0,593
Plant electric power consumption [kWh] 112,59 102,31 137,83 133,06 133,23
Plant electric performance factor [kWth/kWel] 9,13 9,96 7,38 7,71 7,68
Overall Plant Efficiency  [%] 60,87 61,02 60,11 60,01 59,78

CD16 18CE 
DN40 

CD16 27CE 
DN40 

FC15 
DN40

FC11 
DN40

FC7 
DN40

  
Table 11.9: simulated main performance figures for case D for the hottest week of the year 
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Again as expected the values obtained for the CHP unit efficiency for the simulated hottest week of the year 
for all system sets of case D are almost identical to those obtained in case C. Also the values for the thermal 
performance factors (both TDC and plant) are nearly identical to those obtained in case C. Only slightly 
differences can be observed for the plant thermal performance factors probably as a consequence of the 
increase in heat losses at pipes with bigger diameters. 
 
With chilled water pipes diameters of DN 40  the electric performance plant of the plant can be improved in 
relation to that obtained with DN 25 pipes at the chilled water circuit. The TDC electric performance factor 
however is still the same. 
With this new pipes the power consumption of the pump at the heat rejection circuit is again reduced, more 
significantly for those systems sets with higher flow rates. As the flow rates for lower cooling flow are lower 
than those used for simulation of systems sets in case A and B, the reduction in power consumption 
observed is also smaller. The power consumption savings by using cooling decks instead of fan coils are 
bigger for case D than for case D, as the power consumption in the chilled water circuit is reduced more 
significantly for the cooling decks sets (working with higher flow rates). 
The plant electric performance factors improve for this case and have values between 7,7 and almost 10 
depending on the system set. However the overall plant performances achieved are lay between 59,8 and 
62%. For case B, with a nearly nominal cooling load, values between 63,9 and 64,9% have been achieved. 

 
PRIMARY ENERGY ANALYSIS 
 

SET
NRPE factor plant German network 2,04 2,02 2,08 2,08 2,08
NRPE factor conventional system German network 1,09 1,09 1,09 1,09 1,09
NRPE factor plant  European network average (UCTE) 2,08 2,06 2,12 2,12 2,13
NRPE factor conventional system European average (UCTE) 1,98 1,97 1,97 1,98 1,98

CD16 18CE 
DN25 

CD16 27CE 
DN25 

FC15 
DN25

FC11 
DN25

FC7 
DN25

Table 
Table 11.10: simulated primary energy factors for case D for the for the hottest week of the year 

 
The results obtained now are better than those obtained in case C, but again worse than those obtained in 
cases A and B, for systems working with higher cooling loads.  

Since the dynamic behavior of the system sets simulated in CASE D is almost identical to that presented for 
CASE C simulations except from the electric power consumption, no dynamic analysis is present for this set. 

 

ELECTRIC PERFORMANCE COMPARATIVE ANALYSIS 

In figure 11.15 the  electric energy consumption of the plant for the simulated hottest week of the year is 
compared for the two of the simulated cases (9,6kW load with DN25 pipes at distribution and 6,4kW with 
DN25 pipes at distribution) and 2 different sets (cooling distribution with cooling decks with 16°C feed 
temperature  and cooling distribution with fan coils with  7°C feed temperature) 
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Figure 11.15: plant electric consumption  for a hot week simulation  in Munich (system sets with DN 25 pipes) 
 

If the TDC unit is working near its nominal cooling capacity of 10kW and  cooling decks are used, the power 
consumption at the chilled water pump is very high because of the high flow rates needed. Furthermore the 
cooling tower needs to work at near its maximum power to achieve the desired cooling water temperature no 
matter what the chilled water temperature is (at least with the simulated control strategy).Under this 
conditions, even saving the power consumption at fan coils when using cooling decks, the high power 
consumption at the chilled water pump makes sets working with low chilled water temperatures more electric 
efficient. 

If the system works at partial load, the electric power consumptions can be reduced. Power consumptions at 
hot water and cooling water pumps are independent from part load, since a constant flow rate for this pump 
is assumed. However, the power consumption at the chilled water pump is significantly reduced since lower 
flow rates are needed there. Furthermore, the power consumption at the cooling tower can be reduced as 
well, as the cooling tower does not need at its maximum capacity anymore. For the simulated cooling 
capacity of 6,4kW,  systems sets with higher chilled water temperature show a better plant electric 
performance. The reason is that the reduction in power consumption at the cooling tower for higher chilled 
water temperatures is higher  than the increase in power consumption at the chilled water pump due to 
higher flow rates (for part load this flow rates are always relatively low). If cooling decks instead or fan coils 
are used, the electric power consumption is further reduced. 

As a tendency it can be identified that better electric performance factors can be achieve if the TDC is 
working at partial load, so it can be assumed that if the real load at the plant is even lower than 6,4kW, even 
better electric performance factors can be achieved. (although the thermal performance factor would 
decrease). 
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12 Conclusions 

Based on the system installed as SP8A in the PolySMART project, simulations of a CHP based trigeneration 
plant have been performed, considering different options for the distribution of the chilled water to satisfy the 
cooling demand required for climatization, under different assumption for the  required cooling load. 

It has been observed that depending on the diameter of the pipes installed at the chilled water circuit and the 
cooling load demand, a different temperature level for the chilled water temperature should be set in order to 
obtain the best possible energetic performance of the plant. 

With the first installed pipes with a nominal diameter of DN 25, setting higher chilled water temperatures will 
imply higher flow rates that will make the plant electrical performance worse than that of systems working 
with lower chilled water temperatures for the operation during the hottest week of the year. However the 
thermal performance of the plant will be better for those systems working with higher chilled water 
temperatures. From an overall energetic consideration the systems working with cooling decks show the best 
performance, but almost same performances are obtained working with fan coils and high chilled water 
temperatures. (For cooling decks best result of overall plant efficiency of 62,93%, for fan coils at 15°C, 
62,86%) .And considering primary energy factors, system sets with fan coils and lowest chilled water 
temperatures present better results that systems including cooling decks.  

However if the pipes are substituted by new ones with a nominal diameter of DN40, the advantages of using 
cooling decks are much more significant, since now system sets with cooling decks have best electrical and 
thermal performance. For the best system set, an overall plant efficiency of 64,9% can be achieved (plant 
thermal efficiency factor of 0,674 and plant electrical performance factor of 7,55). The best results in terms of 
primary energy are now also obtained with systems using cooling decks. 

If it is assumed that the system is not working at nominal but with a partial cooling load, the electrical 
performance factor of both TDC and plant are improved, but at the same time the thermal performance factor 
of both TDC unit and plant is reduced. The thermal performance factor of the TDC wet worse if the system is 
working at partial load on the one side, and more of the heat generated at the CHP unit is wasted on the 
other side if the cooling loads are smaller. 

The reasons for the reduction in power consumption for lower cooling loads are explained mainly by two 
reasons. The first reason is the reduction in flow rates at the chilled water circuit for lower cooling load and its 
related reduction in power consumption at the chilled water pump. The second reason is related with the 
used strategy used for controlling the TDC unit: if lower cooling loads are present, higher cooling water 
temperatures for the TDC are allowed, and the power consumption of the dry cooling tower will be reduced. 

For the considered  constant cooling load of 6.4kW the overall plant efficiency simulated for the best system 
set (18 cooling decks working at 16°C feed temperature) with DN 40 pipes at the chilled water circuit has a 
value of 61,02% for the operation during the hottest week of the year. (plant thermal efficiency factor of 0,605 
and plant electrical performance factor 9,96). 

If the cooling load present at the plant is even smaller, the expected overall plant efficiency will decrease. 
The electric performance factor will in fact improve, but the thermal performance of the plant will get worse 
and worse. The non-renewable primary energy factor would also become worse and worse if the cooling 
load gets smaller. 

With the electrical efficency of the CHP of 27% that the considered micro CHP unit can achieve, is not 
possible to obtain primary energy savings for any of the considered simulated cases in cooling model. This 
result confirmed what has been theoretically demonstrated in other publications. 
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3 Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Modelica/Dymola system assembly  for sets with fan coils  
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b) Modelica/Dymola system assembly  for sets with cooling decks  
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1 Summary 

 

Approach 
A performance evaluation study has been made based on the district heating driven absorption cooling 
plant installed within the PolySMART project (Subproject 8B) at the facilities of TU Berlin. The plant is part 
of a decentralized CHCP network in which the combined heat and power are produced centrally while the 
cooling production is decentralized. The parameters used for the different component models used in the 
system model have been taken from information supplied by the manufacturer’s of the installed 
components or measured or taken from the real plant. The main goal of the simulation study has been to 
compare the performance of the plant using different strategies for controlling the Thermally Driven Chiller 
(TDC) operation. Additionally the benefits of installing or not a cold water storage tank in the plant have 
been studied. The thermal and specially the electrical performance of the plan have been analysed for 
different control strategies. To try to evaluate the overall energetic efficiency of the plant an analysis  in 
terms of non-renewable primary energy (NRPE) demand was also performed. This additional performance 
figure is needed because of the different primary energy factors for  district heating and electricity supply.  

All component  and system models, including controllers and evaluators, have been developed using the 
Modelica simulation language within the Dymola simulation environment. The component models have 
been taken from the Modelica Fluid Library 1.0 Beta 2 or developed using these in a new Library named 
PolySMART Library, using validated models for all main components of the systems [Hellman, 1999] 
[Stabat, 2004]    The reference set of the system for comparison of the control strategies has been  the 
system as it was installed and controlled during the PolySMART project at TU Berlin(Figure 1).  The 
chilled water temperature is controlled  using a 3-way valve that recirculates chilled water from outlet to 
the chilled water inlet. The cooling water temperature is maintained at a constant level by controlling the 
fan speed of a dry cooler. In the distribution system, valves and pumps are controlled in order to maintain 
a constant return temperature to the TDC. A cold water storage tank is present. This set is referenced as 
TCW C TANK. 

Figure 1.25: Reference  system set with constant cooling water temperature and tank (TCW C TANK) 
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Second set uses the same control strategy and configuration than the reference one but it does not 
include the chilled water storage tank. Thus a pump in the chilled water distribution system can be saved. 
(CC1 P2). The set is referenced as TCW C NOTANK. The third and fourth system sets use both  a new 
variable cooling water strategy  for controlling the chilled water temperature [Kühn, 2007] including or not 
a chilled water storage tank. They are refereed as TCW V TANK and TCW V NOTANK. The fifth and  six 
simulation sets were developed after evaluating the first results of set 1 to 4, trying to combine the 
advantages observed for the first and second control strategy. These advantages are achieved by 
opening the rejected heat valve HR VB in an optimised way depending on the set temperature for the 
cooling water (for both strategies) and trying to run the chiller at the cooling load that optimise the 
electrical COP (if that is possible). One of the set includes a chilled water storage tank and the other not. 
These set  are named  TCW V+OptEl TANK (for optimised electrical COP and including storage tank) and 
TCW V+OptVO  NOTANK  (optimal heat rejection mix valve opening). 

Two simulation cases studies have been performed for each of the six simulation sets. Using  Meteonorm 
weather data for Berlin, the first simulation case evaluates the performance of the system for the hottest 
day of the day (August 19th) while the second case evaluates the performance on a cold day in winter 
(January  19th ).   

Results 
Thermal and electric performance where compared for all simulated sets plant operation  under different 
boundary conditions. The thermal performance factor is expressed in kWh_Cooling/kWh_HeatSupply as 
an integrated value of instantaneous electrical COPs and the electric performance factor as an integrated 
value of instantaneous thermal COPs in  kWh_Cooling/ kWh_ElectricSupply.   

These factors are calculated both for the TDC (including rejection heat electric consumption) and the 
complete cooling plant (including losses and power consumption in the distribution system). The Non-
renewable Primary Energy factor (NRPE) expressed in kWh_Cooling/kWh_PrimaryEnergy is calculated 
using primary energy factors for electricity and district heating for the electric and district heating networks 
of Berlin and Dresden in Germany (PRFel=2,5 for both,, PRFdh=0,56 for Berlin PRFdh=0,2 for Dresden). 

 

SET
TDC thermal  performance factor 0,703 0,730 0,703 0,732 0,703 0,732
Plant thermal  performance factor 0,659 0,690 0,659 0,696 0,659 0,697

TDC Electric performance factor 8,03 8,14 10,73 8,82 11,10 8,48
Plant electric performance factor 5,60 5,65 6,94 6,04 7,10 6,04

NRPE  with Berlin conditions 1,31 1,26 1,22 1,23 1,21 1,23
NRPE with Dresden conditions 0,75 0,73 0,66 0,70 0,66 0,70

TCW C 
NOTANK

TCW C 
TANK

TCW V 
NOTANK

TCW V 
TANK

TCW V+OptVO 
NOTANK

TCW V+OptEl
 TANK

 
Table 1.1: Main performance figures of different sets for the simulated hottest day of the day 

 

It is clear that under this weather conditions the electrical performances of both TDC and plant are better 
for the systems not including an storage tank. It is also clear that the chilled water control strategy using a 
variable cooling water temperature improves the electrical performance factor. The new developed control 
strategy   (TCW V+OptVO  NOTANK) increase the electrical COP of the chiller additionally for low 
ambient temperatures. 
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Figure 1.26: COPel and Q0 of sets without tank for the hottest day of the year 

 

If the ambient temperature is low enough the electrical performance factor of the chiller will be better for 
high cooling loads. This is a consequence on how the electrical consumption of the rejection heat system 
changes with the temperature. As figure 1.2 shows, the electrical COP for the simulated sets that include 
a storage tank and work with higher loads is better in the first hours (at night) of the simulated day in 
summer. However because during the next day hours high temperatures are present, the sets including 
the storage tank are not electric efficient any more in relation with those sets not including it, and as a 
result the electric performance factor for this simulated day is higher for the sets without storage tank. 
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Figure 1.27:Tambient, Q0 and COPel for TCW V TANK and TCW V NOTANK  for the hottest day of the year 

 

On the other hand, it can be observed that for the simulated day the sets including an storage tank 
present always a better thermal performance that those without it. The control strategy used, however, 
show no influence on the thermal performance factor under this weather conditions. 

 

If the NRPE is used as a choice criteria for the best set and control strategy under this conditions, it 
becomes clear than the combined control strategy without storage tank is the best option. This is a 
consequence of the high electricity consumption in all simulated sets and the values considered for the 
primary energy factors. In this way, the system sets saving more electrical energy are more efficient in 
terms of primary energy. The primary energy consumptions of the system changes with the chosen 
boundary conditions.  For this reason the values using the conditions for two cities with similar weather 
conditions but different primary resource factors for district heating (because of waste incineration in the 
case of the Dresden) are presented.  

A conventional system based on a mechanical compression chiller with an Energy Efficiency Ratio of 2,8 
(EER=2,8) is considered, with a resulting NRPE value of 0,893. For this NRPE factor for the conventional 
case, all simulated cases would obtain primary energy savings in Dresden but none of them in Berlin.  

The simulations of the plant performance on a cold day in winter show similar thermal  but different 
electric performance factors than those obtained in summer. 

 

SET
TDC thermal  performance factor 0,700 0,737 0,700 0,745 0,699 0,745
Plant thermal  performance factor 0,654 0,697 0,654 0,704 0,652 0,704

TDC Electric performance factor 19,71 22,75 15,25 22,81 18,59 22,80
Plant electric performance factor 9,94 10,90 8,59 10,88 9,65 11,36

NRPE  with Berlin conditions 1,12 1,04 1,16 1,04 1,13 1,03
NRPE with Dresden conditions 0,56 0,52 0,60 0,51 0,57 0,50

TCW C 
NOTANK

TCW C 
TANK

TCW V 
NOTANK

TCW V 
TANK

TCW V+OptVO 
NOTANK

TCW V+OptEl
 TANK

Tab
le 1.2: Main performance figures of different sets for a simulated cold day in winter 

 

Again the systems working with a storage tank present better thermal performance factors than those not 
including it. This seems to be regardless from ambient conditions and due to the fact that systems working 
with an storage tank run the TDC with lower average cooling water temperatures, what is beneficial for the 
thermal performance of the TDC. In this simulated case not only the thermal, but also the electrical 
performance is better if a storage tank is included. With a storage tank present, the operation of the plant 
changes to an ON/OFF operation of the TDC, that works at high cooling loads until the tank is full. 

As it was mentioned above, the electrical performance of the TDCs working with high cooling loads is 
better if ambient temperatures are low. Because of that system sets including a storage tank work for this 
simulated winter day with a better electrical performance factor that those working without it. Here sets 
with higher cooling loads show a better electrical COP, as figure 4 shows. It also show how the control 
strategy for optimised electrical COP works mostly correctly, even for lower cooling loads. 
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Figure 1.28: COPel and Q0 of sets with storage tank for a cold day in winter 

 

Looking at the values for the NRPE it is clear that the system set with a new control strategy combining 
variable cooling water temperature and trying to optimise the electrical COP and that includes a tank work 
shows the better performance under this conditions. System sets with storage tank show in general a 
better performance that those non including it for the operation on a cold day in winter. 

However, although better electrical COPs are achieved in winter operation,  it is still not possible to 
achieve Primary Energy savings in Berlin. With the assumed boundary conditions and given plant thermal 
COP of the best system set   ( 0,745 for TCW V+OptVO  NOTANK) an electrical performance factor for 
the plant of at least 24 (COPEL=24) should be achieved, which seems almost impossible to  do with the 
existing components (due to high  power consumptions at rejected heat pump and fan coils mainly). 
However, calculating NRPE with parameters of the district heating network of Dresden we will always 
obtain primary energy savings. 

 

Conclusion 
Depending on ambient conditions, the inclusion or not of a chilled water storage tank can lead to better 
electrical performance of the district heating driven cooling plant. The cold water  storage tank forces the 
TDC to work with higher cooling loads, with better electrical performance  for low ambient temperatures 
and worse for high ambient temperatures in comparison with a system not including an storage tank. The 
systems with cold storage tank will work on the other side always with higher thermal performance factors, 
due to higher cooling demands achieved by working with  lower average cooling water temperatures. 

Controlling the cooling water temperature in order to control the chilled water temperature at the outlet of 
the TDC seems to improve in general the electrical performance of the TDC against a strategy of 
maintaining a constant cooling water temperature. For the simulated plant, only for low ambient 
temperatures and a set without chilled water tank seems to be better to have a constant cooling water 
temperature at the outlet of the cooling tower, and mix it with cooling water from the outlet of the TDC. 
This particular case appears due to the particular relationship between the electric power consumption  at  
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heat rejection circuit water pump and dry cooler. In a new developed strategy, the optimal relation for 
mixing rate and set value for the cooling tower outlet  temperature has been approximated, obtaining 
again improvement in the electrical performance of the plant. Additionally, if a chilled water storage tank is 
present, a strategy trying to run the chiller for the cooling load that optimizes the electrical performance 
has been developed, showing satisfactory results. 

In conclusion control strategies with variable cooling water temperature and optimal power consumption at 
the rejection heat circuit have shown the best performance. For low ambient temperatures better 
performances are achieved if a chilled water storage tank is included, but the inclusion of the tank makes 
no sense when the system is working continuously with very high ambient temperatures, and the cooling 
capacity of the TDC is limited. 

Thermal performance factors up to 0,732/0,697 for TDC/Plant have been simulated for the hottest day of 
the year. For a cold day in winter these values can be increased up to 0,745/0,704. The simulated 
electrical performance factors for the hottest day of the year were below 11,1/7,1 for TDC/Plant. In winter 
the simulated values of these figures can grow up to 22,8/11,36. High electric consumption in fan coils 
explain the big difference between TDC and plant electric performance factors. The considered boundary 
conditions determine if the plant is able to achieve or not primary energy savings. 

 

 

 

2 Introduction 

 
One of the the 12 demonstration plants in frame of  PolySMART project have been  inside an office 
building of the Institute of Energy Engineering at TU Berlin in Germany. The core system consists of an 
absorption chiller driven by hot water from the municipal district heating network and providing 10 kW of 
chilled water to 2 server rooms, 2 seminar rooms and 3 offices. These cooling plant is used to investigate 
one of the possibilities for trigeneration studied at the PoySMART project: the centralized combined heat 
and power production at big cogeneration power plants combined with  distributed decentralized cooling 
production using small-scale TDC units. 
The system for the simulation study is set at the district heating connection point to the system: the 
combined heat and power production at centralized power plants and its distribution is out of the scope of 
this work. 
To achieve a better understanding of the dynamic behavior of the hydraulic system and to improve the 
control strategy, dynamic thermohydraulic models of the systems have been developed. A new package 
(a set of cogeneration components and systems models) has been designed using the object oriented 
simulation language Modelica. With this package, different cogeneration systems can be modeled and 
simulated.  
Based on the components installed at the plant in Berlin a district heating driven absorption cooling plant, 
including the complex chilled water distribution system as it can be seen in figure 2.1. Different 
possibilities for chilled water distribution systems (fan coils, cooling decks, cooling shafts) are installed in 
the plant. 
 
 



 

245 
 

 
 
 
 

 

Figure 2.1: From the hydraulic schema to the cooling plant system simulation in Modelica 

 
 
 
The  main goal of the simulation work present in this report is the evaluation of different control strategies 
for the TDC operation based on the components installed at the SP8B plant. Different sets configurations, 
assumption and simplifications from the real plant have been made to focus on the control strategy of the 
TDC. 
 

3 Nomenclature and symbols 

 

CC     Chilled Circuit 

CHP Combined Heat and Power production 

CHCP Combined Heat, Cooling and Power production 

COPth  Thermal Coefficient of performance 

COPel  Electric coefficient of performance 

FC Fan Coil 

CT Cooling Tower 

DH District Heating 
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NRPE Non-renewable Primary Energy 

HR Heat Rejection 

P Pump 

TDC Thermally Driven Chiller 

 

4 Performance evaluation procedure 

The performance of the trigeneration plant as a whole, and the performance of its two main components 
(CHP and TDC unit) have been analyzed from an energetic point of view. System simulation have been 
performed for different simulation cases and sets, and the performance figures for each of the simulated 
cases and sets  have been compared with each other. 

 

Steps of the performance evaluation 

The performance of the different system sets have been evaluated by simulation of the different sets 
under the boundary conditions defined at the different cases for the simulated period of 24 hours for each 
simulation. All simulated variables resulting from the simulation have been analyzed and displayed in plots 
or used for the calculation of the performance figures explained in section 6. 

In a first step the energetic performance (in terms of thermal and electric performance) of TDC unit and 
plant have been analyzed. In a second step, and considering certain boundary conditions  a primary 
energy analysis for the different sets and cases have been performed for the whole plant. 

 

5 Modeling approach for system simulation 

All component and system simulation  models have been developed using the modeling and simulation 
language Modelica [Modelica,2010]. The commercial tool Dymola have been used both for the modeling 
work as well as for the compilation, execution and evaluation of the models.  

All plant and component models used are included within the Modelica Standard Library, the Modelica 
Fluid Library Beta Version 1.0 [Casella, 2006] or the PolySMART Library  specially developed during the 
project for the simulation of small scale trigeneration systems. Particular models for key components as 
absorption chillers, cogeneration units or fan coils where developed and included in this new library. Most 
of the main models have been developed or adapted from existing dynamic models developed for other 
transient simulation tools like TRNSYS [Klein,2006]. However some addition have been done specially to 
include a hydraulic analysis for all heating and cooling circuits, calculating pressure losses in all main 
components and piping in a dynamic way and the related power consumptions. Another approach 
singularity is the development of specific models for each of the control units  used for simulations. 
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6 Performance criteria and figures 

For the evaluation of the performance of CHP and TDC units and the overall  plant performance several  
figures have been used. These figures have been either evaluated for each of the output points calculated 
in the simulation  or integrated for the whole simulation period  The performance figures have been 
defined according to the PolySMART standard convention  defined for WP 4 and WP 5 as far as it has 
been possible.  

In the following lines performance figure definitions for CHP, TDC  and the combined effects of those and 
other component presents in the overall plant performance are defined. 

 

6.1 TDC unit performance 

 

Heat supply to TDC 

This figure gives the total  amount of heat energy that is supplied to the TDC unit by means of a hot water 
flow. Its value correspond to the integrated value of the instantaneous hot water heat flow rate (QH,TDC,) 
supplied to the TDC. 

                         
Heat supplyto TDC= ∫ Q�H ,TDC ��dt

                             [kWhth]  

 

 

Cooling production at TDC 

This figure supplies the total amount of cooling energy that is produced at the TDC unit and that is used to 
cool down the chilled water flow temperature. Its value can be calculated by integrating  the instantaneous 
TDC cooling capacity (Q0,TDC,). 

                        
TDC cooling production=∫ Q0�dt

                         [kWhth]  

 

 

TDC electric COP 

This performance figure is used within this work  to analyze the instantaneous electric performance of the 
TDC unit, and will be presented in xy diagrams against simulation time. The electric coefficient of 
performance or COPel for the TDC is defined as the total cooling capacity produced at the chiller at a  
given moment (Q0,TDC) divided by the total electric consumption needed by the TDC for its operation. 
Following  a convention decided inside the PolySMART project, the electric COP includes the electric 
consumption of the heat rejection. 

COP�el ,TDC �=
Q�0,TDC �

P�el ,TDC �
=

Q�0,TDC �

P�el , internTDC ��P�el ,HWP ,TDC ��P�elCHWP ,TDC ��P�el , HRP��P�el ,CT �
 

where  P�el , internTDC �       is the internal electric consumption of the TDC (in W)  
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            P�el ,CT �               is the electric consumption of the cooling tower fan (in W)  

            P�el , HRP�             is the electric consumption of the heat rejection pump (in W)  

            P�el , HWP ,TDC �      is the part of the electric consumption of the hot water pump that is               

                                         needed to pump the hot water through the TDC (in W) . 

                                         FOR THE SIMULATED SYSTEM, THIS VALUE IS ASSUMED TO BE 0 

            P�el ,CHWP ,TDC �     is the part of the electric consumption of the chilled water pump that is               
                                          needed to pump the chilled water through the TDC (in W)  

 

being the part of electric consumption of the chilled water needed to pump chilled water through  TDC 
defined as 

                     
P�el , HWP ,TDC �= P�el , HWP ��

dP�TDC ,desorber�

dP HWP  

where  dP�TDC , desorber�      is the pressure drop at the TDC desorber (mbar) 

            dP HWP                    is the total pressure drop at the hot water circuit (mbar) 

being the definition for     P�el ,CHWP ,TDC �   analogue to the last one. 

 

 

TDC thermal COP 

This performance figure is used within this work  to analyze the instantaneous thermal performance of the 
TDC unit, and will be plotted in x-y figures against simulation time. The thermal coefficient of performance 
or COPth for the TDC is defined as the total cooling capacity produced at the chiller at a moment  divided 
by the total heat flow rate supplied to the TDC (QH,TDC,).    

            COP�th ,TDC �=
Q�0,TDC �

Q�H ,TDC �
     

kW th

kW el
= [- ]

 

 

TDC electric performance factor 

The electric performance factor relates the cooling production at the TDC unit with the total amount of 
electrical energy needed at the TDC including the heat rejection. This value can be alternatively calculated 
as the integrated value of the  electrical COP of the TDC for the whole simulation period. 

TDC electric performance factor= TDC cooling production
TDC electric energyconsumption     

kWhth

kWhel
= [ -]
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TDC thermal performance factor 

The thermal performance factor express the ratio between the total amount of cooling produced at the 
TDC and the total amount of heat taken at the high temperature level of the TDC for its production. Its 
value corresponds also  to the integrated value of the thermal COP of the TDC for the considered period. 

TDC thermal performance factor= TDC cooling production
Heat supplyTDC      

kWhth
kWhth

= [- ]
 

 

 

6.2 Cooling plant energetic performance 

 

Plant electric COP 

Analogue to the defined TDC COPel, this factor relates the instantaneous cooling heat flow at the 
distribution device to the total amount of electric consumption at the plant at a given moment. 

 

COP�el , plant �=
Q�supply , LOAD �

P�el , plant �
=

Q�supply , LOAD�

P�el ,internTDC ��P�el , HWP�� P�elCHWP ��P�el , HRP �� P�el , CT ��P�DistDevices �

 

 

where  P�DistDevices � is the electric consumption of the cooling distribution devices (in W)  

Now the total consumption at hot and chilled water pump are considered and in addition, the power 
consumption of the cooling distribution devices is considered 

 

Plant thermal COP 

Analogue to the defined TDC COPth, this factor relates the instantaneous cooling flow supplied at the 
distribution devices to the heat flow supplied to the TDC unit at a given moment. 

    COP�th ,Plant�=
Q�DistDevices�

Q�H ,TDC �
     

kW th

kW th
= [-]

 

 

 

Plant electric performance factor 

Analogue to the plant electric  performance factor, this factor express the ratio between the total amount 
of cooling supplied to the load and the total amount of electric energy consumed at  the plant. Its value 
corresponds in this way  to the integrated value of the electric  COP of the plant for the considered period. 
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Plant electric performance factor= TDC cooling production
Plant electricenergyconsumption

kWhth

kWhel
= [ -]

                                     

being    Plant electric energy consumption=∫ P�el , plant��dt  

 

Plant thermal performance factor 

Analogue to the TDC thermal performance factor, this factor express the ratio between the total amount of 
cooling supplied to the load and the total amount of heat supplied to the TDC unit by the district heating 
supply. Its value corresponds in this way  to the integrated value of the thermal COP of the plant for the 
considered period. 

TDC thermal performance factor= Cooling supplyload
Heat supplyto TDC      

kWhth
kWhth

= [- ]
  

 

where the Cooling supplied  load is the integrated value of the heat flow being transferred to the cooling 
distribution device . (QDistDevices) 

Cooling supplied to load= ∫ QDistDevices�dt
 

 

 

Overall plant performance factor 

This figure relates the total cooling energy  supply by the plant with the total amount of energy consumed 
for this production, consisting on electrical energy  from the grid and heat from the district heat network . 

Overall plant efficiency= Cooling supply to load
�plant electric energy consumption���heat supply to TDC � 

kWhth
kWh

= [-]
 

 

 

6.3 Decentralized system trigeneration  primary energy analysis 

In addition to the evaluation of the figures mentioned above, a primary energy analysis of the plant is 
performed, that takes into consideration the primary energy factors of the heat flows into the plant under 
given conditions, and allow us to evaluate the primary energy performance of the plant. Some additional 
performance figures are needed for this analysis. 

 

 

Non Renewable Primary Energy Factor (NRPE) 
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This factor  relates the total amount of primary energy consumed to the total amount of useful energy 
delivered by the plant.  In this way, the amount of electricity delivered by the is considered as a product, 
and it is not used inside the plant to cover the own electric consumption  (additional approach). The 
primary resource  factors (PRF) of the energy flows into the plant (heat from the district heating network or 
electric energy from the grid) must be known. 

In this way the NRPE for the plant is defined as follows. 

 

NRPE factor plant= Total amount of energy supply
Total amount of primary energy consumed

  =    

   
Cooling supply to load

plant electricenergyconsumption�PRF el�Heat supply toTDC�PRF DH�energyconsumptionbackup�PRFbackup

 

 

where PRFel and PRFDH are the assumed primary resource factors for the net electricity supply and district 
heating network respectively.   The energy consumption at the backup is the integrated value of the power 
consumption at the back up chiller (see section 9.6). The PRFbackup is defined as 

PRF backup= PRF�conventional ,chiller�=
PRF el

EER�compression, chiller�  

 

 PRFbackup and PRFconvetional,chiller have the same value because same values are assumed for the Energy 
Efficiency Ratio (EER) of back up and conventional compression chillers. 

 

Non Renewable Primary Energy Factor (NRPE) for the conventional supply 

In order to be able to compare the primary energy factors with a conventional supply option for cooling 
and electrical energy, this last figure needs to be calculated. 

 

NRPE factor conventional= Total amount of energy supply
Total amount of primary energy consumed conventional

  =   

  =  Cooling supply load
Cooling suppy load�PRF �conventional ,chiller�

= 1
PRF �conventional ,chiller�  
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7  Description of climate, buildings and loads 

All climate conditions for the simulations where obtained  by using Meteonorm software Version 6.1 
[Meteonorm, 2009] for the location of Berlin. The needed information regarding building dimensions and 
characteristics was obtained from technical drawings of the building (KT-building at the campus of TU 
Berlin in Berlin-Charlottenburg) or obtained from information of the construction department at TU Berlin. 
Length of piping and characteristics of the components used where directly measured or taken from the 
documentation supplied by the company responsible for the installation of the plant. The cooling loads file 
are extracted from a study made by M. Fedeli during his Master Thesis work at TU Berlin. In this work the 
cooling load for the buildings of the KT-building at TU Berlin climatised with the cooling plant from 
PolySMART SP8B where recalculated using TRNSYS.  [Fedeli, 2010] 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 7.1: TRNSYS deck and maximal cooling loads calculation for the cooling plant (source, [Fedeli, 2010]) 
     

 
In this study, the resultant loads are slightly lower than those calculated for the first design of the cooling 
plant, because of different considerations of boundary conditions and some room dimensions. The 
calculated load files include the cooling load for all rooms planted to be climatised with the plant (including 
those at CC2 and CC3 circuits) but for the simulation work presented in this report only the cooling loads 
for rooms 003b and 05 (those cooled down with fan coils from CC1) are considered. 
 

Room SolarComputer  [W] TRN mod+SC setting  [W] TRNSYS [W]

B.005 5040 4845 4650

B.003B 1640 1570 1490

G.002 2104 1910 1640

G.001A 885 800 455

F.101 2547 2310 2085

F.102A 1718 900 1000

F.103 1366 1145 1280

TOT. 15300 13480 12600

contemp. 14890 13240 12000

ABSORPTION CHILLER

CC 1

CC 2
COOLING TOWER

HALL HEATING 

CC 3

DH 

STORAGE   TANK

RH 
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    Figure 7.2: yearly profile of temperature and cooling loads for the cooling plant (source, [Fedeli, 2010]) 

8 Description of systems 

In the plant installed at TU Berlin district heat  from a cogeneration power plant is used to  power an 
absorption cooling cycle. A simplified flow diagram of the system can be seen on figure 8.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.1: simplified hydraulic plant scheme of PolySMART SP8b 
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Figure 8.2: Base set for system simulation  

 
 
The system includes circuits on different temperature levels: a  hot water circuit (DH) providing  heat from 
the central district heating network, a rejection heat (RH) circuit, and three cooling circuits (CC1, CC2 and 
CC3) where the chilled water  is distributed  in the building. A cold water storage tank is installed as back-
up for  periods when the cooling demand is bigger than the chiller capacity. 
The three cooling circuits work at three different temperature levels: CC1 where the water from the chiller 
flows, a nominal chilled water temperature of 7°C is expected to feed  two fan coils and the heat 
exchanger to the circuit CC2 connected in parallel. The return from this 3 devices join to cool the circuit 
CC3 via another heat exchanger  and returns to the storage/production with a temperature of 14°C. 
In cooling circuit 2 (CC2) three cooling shafts are connected in parallel. These  cooling shafts work   with  
a  nominal chilled water temperature of 9°C and return to the heat exchanger with a temperature of 13°C. 
In CC3 water flows into chilled ceilings with a temperature of  16°C returning with 18°C to the heat 
exchanger.  A dry cooling tower is responsible for the rejection of the heat coming from the chiller. During 
the winter period part of the reject heat can also be used to heat the lobby o f the  building  using a fan coil 
in parallel to the cooling tower. 
 
For the simulation work a simplified version of the system shown in figure 1 will be used. It will be 
assumed that the the cooling circuit 1 (CC1)  is the only one to which cooling must be provided, being 
assumed that no cooling loads are present at CC1 and CC2. 
This approach will allow us to concentrate on the control strategy of the absorption chiller without making 
a too big effort on the modeling and simulation of the distribution system. 
Figure 8.2 shows the simulated system, including its control strategy and main controller and actuators. 
 

The system includes a chilled water storage tank with a capacity of 2000L. This storage tank has 2 
functions. First function is to store chilled water to be delivered when the cooling demand is bigger than 
the production at the chiller. This happens when not only CC1 like in this simulation set, but also CC2 and 
CC3 are demanding chilled water to the plant, as in a hot summer day. Because CC2 and CC3 are not 
included for simulations, this function can not be studied. Second function is to optimize the operation of 
the TDC by making it work at nominal condition even  if cooling demand is lower than the nominal cooling 
capacity of the TDC. 
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The TDC starts to work (TDC ON) if the average temperature at the storage tank (calculated from 
measurements at top, medium and lower level of the tank) goes above a certain level. For the simulations 
this value is set to 13°C. When the average tank achieves this value the control assumes  that no more 
chilled water is present in the tank. Once started the TDC continues operating until the ON/OFF controller 
registers that again all the water contained at the storage tank is at the desired temperature for the chilled 
water. That is implemented by stopping the TDC when the temperature at the top of the tank falls below a 
certain value, set to 8°C for simulations. 

Additionally to the ON/OFF control strategy, the chiller is controlled by a control system that maintains the 
chilled water outlet temperature (T2) at a desired level. This is mainly achieved by controlling the chilled 
water 3-way valve that mixes chilled water from the TDC outlet with chilled water returning from the loads 
(CC1 3WV), changing in this way the temperature of the inlet chilled water. The opening of the valve is 
controlled via a PI-controller. If the chilled water outlet temperature is higher than the set value, part of the 
the water from the outlet is mixed with the chilled water flowing into the TDC until the desired temperature 
at the outlet is achieved. 

The block diagram for this complete chiller control is included in figure 8.3. 

Chilled water outlet temperature is not only dependent on chilled water inlet temperature but also on hot 
water and cooling water temperature. For the simulated system the hot water temperature is constant  as 
it is delivered with a constant flow rate from the district heating supply. Cooling water is maintained 
constant to a set value (24°C for the simulated cases) by means of a PI-controller and a frequency 
inverter for the cooling tower fan speed (cooling tower control).   

 

 

 

 

 

 

 

 

Figure 8.3: block  diagram for the TDC control with a constant cooling water temperature strategy  

In order to avoid that the chilled water outlet temperature falls below the set point under certain conditions 
(too low chilled water inlet temperatures or too low ambient temperatures) an additional mixing valve is 
present at the heat rejection  circuit (HR VB). This valve is  on operation only if the chilled water 3-way 
valve is almost completely closed, in order to avoid uncontrolled interactions between both controls. When 
the valve HR VB  is open cooling water from the chiller outlet is mixed with the cooling water coming from 
the tower, and the cooling water at the inlet of the chiller will be higher than the temperature set for the 
cooling tower to control. 

The TDC is not the only component controlled in the plant, but also the pumps P5 at   the HR and P1 and 
P2 at the CC1 circuit, and the controlled valves VB2 and VB3 at CC1 include some kind of control. The 
pump P5 at the HR circuit is controlled by a PI-controller that tries to maintain the flow rate measured at 
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the flow meter Vt6 at a constant level (nominal flow rate for the chiller cooling water). Analogue to this  a 
PI-controller tries to maintain the flow rate measured at Vt3 at a constant level. On the chilled water 
distribution side,  the controls for CC1 P2  and VB2 and VB3 controls the return temperature to the cooling 
chiller/storage. A PI-Controller changes the flow rate of P2 trying to control the return temperature to the 
TDC  T14 at a constant level (12°C in the simulations). Each of the valves VB2 and VB3 are controlled via 
a PI-Controller that changes the valve position depending on the measured temperature at the sensors T8 
and T10. The set value for this temperatures is in simulation again 12°C. 

Regarding the chilled water supply to loads, no control for the operation of the fan coils FC1 and FC2 is 
included. For simulation purposes, It has been assumed that they are turned on automatically if  a cooling 
load is present. 

 

9  Description and modeling of system components 

The components present in the system simulation are modeled with different level of detail. Due to the 
modular structure of the Modelica simulation tool, it is possible to combine component models from 
different authors and from different libraries as long as they follow the Modelica structure and use the 
same connectors. All component models presented in this section are either part of the Modelica Fluid 
Library Beta version (freely available) or part of the Modelica PolySMART library, based on the connector 
definitions of the Fluid Library and developed within the PolySMART project. 

9.1 District Heating connection point 
No specific model is developed for the district heating connection. A boundary condition with a given 
temperature and pressure corresponding to the supply from the district heating network is assumed. The 
system boundaries are chosen in a way that all components needed to reduce pressure and/or maintain a 
constant temperature are not included. 

In this way it is assumed that hot water with a constant temperature of 90°C is supplied. Hot water is 
supplied to the chiller with a constant flow rate of 0.33 kg/s.(nominal mass flow rate for the considered 
TDC). 

9.2 TDC system 

A modified version of the characteristic equation model for the simulation of sorption heat pumps 
[Hellman, 1999] is implemented in the PolySMART library and used for this system simulation. 
Additionally to the classical characteristic equation model, that reproduce the TDC performance for 
stationary state, the model includes thermal capacities that tries to reproduce in some way the dynamic 
behavior of the chiller. 

A single effect H2O/LiBr  absorption chiller with a nominal capacity of 10kWc manufactured by 
Sonnenklima was installed in the simulated plant installed as SP8B. Parameters for the characteristic 
equation model for this chiller are available from several tests performed at TU Berlin, that are available in 
different publications [Kühn, 2005] [Albers, 2002]. The values for the thermal capacities includes in the 
model have been obtaining by fitting the model with measurements from dynamical behavior tests 
performed at TU Berlin. 
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Figure 9.1: Thermally driven chiller component model implemented in Modelica/Dymola 

 

The model also considers the internal power consumption of the TDC unit due to internal control and 
pumps. A constant value of 130 W during operation and 10 W in stand-by mode is assumed. Pressure 
losses values for nominal conditions where taken from manufacturer specifications 

9.3 Heat rejection unit: dry cooling tower 
The dry cooler were modeled  based on existing models for dry and hybrid cooling towers [Stabat, 2004]. 
In this models the cooler is considered as a counter-flow air-cooling fluid heat exchanger, for which usual 
assumptions for counter-flow heat exchangers can be assumed. Due to the dominance of the heat 
transfer resistance at the air side for this kind of this devices, the heat transfer coefficient is assumed to be 
directly proportional to the air side flow rate, neglecting its variations with the cooling fluid flow rate and its 
dependencies on fluid and air temperatures. 

The air side flow rate is assumed to be directly proportional to the fan speed (assumed to be directly 
proportional to control voltage), controlled between its maximum and minimum value. The electrical power 
consumption of the fan changes with the fan speed following the fan laws, as it is usually assumed for the 
simulated of ideal fans [Klein, 2006] 

CRITICAL NOTE: Power consumption of cooling tower fans is in reality a function of the electric motor 
design and the control system selected as it is shown in figure 9.2 [Ziehl-Abegg, 2007] . In this way the 
assumption made for the power consumption can be true or not depending on the type of electric motor 
and control installed with the fan. Firsts comparisons between measured power consumptions of the 
cooling tower and simulated values did suggest that for the considered cooling tower (and in general for 
small capacity cooling towers) the usual made assumptions for power consumption are not always true. 
Further validation work must be made in order to get a realistic modeling for the cooling tower 
consumption, due to its importance for the calculation of the electric performance of the system. However 
for this work the usual assumption is used.  

 

 
 



 

258 
 

 
 

 
 
 

Figure 9.2: Typical power consumption of CT fans (Source: [Ziehl-Abegg, 2007]) 
 

 

 

Figure 9.3: Dry coling tower component model implemented in Modelica/Dymola 

 

An standard model for a counter-flow heat exchanger taken from the Modelica Fluid Library is used. The 
heat exchanger can be discretized in a given number of segments, for each of one all equations for heat 
transfer between air and fluid side are computed. All parameters for the dry cooler such as heat transfer 
coefficients and heat exchange area are taken from manufacturer specifications [Güntner, 2010]. The 
maximal power consumption was also taken from manufacturer specifications and  a value of 760 W has 
been used as maximal motor power consumption for  maximum fan rotational speed. Pressure losses for 
nominal flow rate where taken as well from manufacturer data. 
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9.4 Reference and auxiliary chiller (mechanical chiller) 
No detailed model was included neither for the auxiliary  nor for the reference compression chiller. In both 
cases it will be assumed that the chillers are able to convert electrical energy into cooling with a constant 
coefficient of performance (COP) corresponding to reference values found for the Energy Efficiency Ratio 
(EER). Following convention assumed within the PolySMART project, a EER value of 2,9 is used for both 
reference and auxiliary chiller. 

   

9.5 Heat   storage tank 
A hot water storage tank is present on the system,  connected to  CHP and TDC unit adjusting the miss-
match between CHP  heat supply and TDC heat demand. A detailed model for the thermal behavior of a 
water storage tank was developed, splitting the total volume of the tank into a  discrete number of 
segments with the same volume, for each of them dynamic energy conservation equations were written. 
Heat losses to the environment for each of the discrete volumes are modeled, as well as heat transfer by 
conduction between the different volumes. 

 

 

Figure 9.3: Water storage tank component model implemented in Modelica/Dymola 
 

 

Trying to reproduce the storage tank installed at SP8A,one input at the top and one output at the bottom of  
the storage tank are included.  The simulated volume (2000 L) and external dimensions of the tank 
(1,3x2,4m) corresponds  to those of the tank installed  at the facilities at the TU Berlin. The ambient 
temperature is assumed to be constant at 20°C and the overall heat transfer  parameter  for between  
contained chilled water and the environment around  the tank supplied by the tank manufacturer has used 
for thermal losses calculations. [NAU,2007] 
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9.6 Cold emission devices 
The cold emission devices present in this system (fan coils) has not been modeled in a detailed way. A 
simplified model has been used for the simulation of each of the two fan coils present. The structure of the 
simplified model for the cold emission devices is presented in figure 9.4. 

A Load subcomponent reads cooling load present at each according to a cooling profile supplied via a 
external file. This load consist on a heat flow that is transferred  either totally  or partially to  
subcomponent Group of idealised cooling elements. If it is not possible to transfer all heat to this 
component the remaining heat is transferred to the component   Backup System, that simulates a ideal 
back up compression chiller able to cover all cooling demand not cover by the cooling device. 

 

 

Figure 9.4: Water storage tank component model implemented in Modelica/Dymola 
 

 

Inside the subcomponent Group of idealised cooling elements a simple operation takes place to know the 
maximal cooling load that can be covered: with the chilled water feed temperature and flow rate the 
cooling load is calculated assuming that the water temperature can be increased only up to a maximum 
value determined by the set value for the room temperature minus a temperature  difference set by the 
user. If the cooling load is bigger than that load that increase the temperature of the chilled water at the 
cooling element to its maximum level, only the heat flow needed to increase the temperature to this level 
is transferred, being the remaining part covered by the back up system. 

In addition, pressure losses are calculated at the component as a function of the fluid flow rate, assuming 
quadratic pressure losses coefficients obtained from the pressure drops given by manufacturer at nominal 
flow rates. Electric power consumption of fan coils units during operation are also considered by the 
model. Constant values are assumed during operation of the fan coils, using consumption  values taken 
from manufacturer specifications (60 and 130 W for the small and big fan coil respectively). [REMKO, 
2009] 

 

9.7 Controlled Valves 
For all controlled valves  of type VB (CC1 VB1, CC1 VB2 and RH VB3)  within the system, a detailed 
model including PI controller and a hydraulic model for an incompressible valve hasbeen used.  An 
additional component submodel that calculates the open velocity based on physical parameters of the 
valve has also been include. PI component is part of the Control package of the Modelica standard library, 
and the subcomponent for the incompressible valve is part of the Modelica Fluid Library. 

The Modelica graphical annotation  for the component model used is presented in figure 9.5 
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 Figure 9.5:controlled valve component model implemented in Modelica/Dymola 

 

Same valve incompressible model from the Fluid library have been used for VB1 and for the valves VR1, 
VR2 and VR3, not included in the system description from figure 8.2 for clarity reason, but installed in the 
real plant. This valves play an important role for the calculation of the pressure losses in the chilled water 
distribution system, as its function is to ensure that the desired flow rates flow for each of the desired 
distribution branches (connection for hydraulic compensation). A lot of time was invested in finding sizes 
and dimensions of this valves, as well as the position chosen for each one, that were read at the real 
plant. 

The implemented models ask for valve flow coefficients in open position (Kv expressed in m3/h), and 
assume that pressure losses variation of the flow are lineal with opening position. All parameters for all 
included valves have been taken from manufacturers specification [Heimeier, 2008] 

 

9.8 Controlled  3-way valves 
A model for a controlled 3-way valve  has been implemented using  components from the Modelica 
standard and Fluid libraries. As can be seen in figure 9.6, the PI blocks also used for controlled 2 way 
valves and the block calculation opening speed are used, as well as a model representing the internal 
volume and two component models for incompressible valves. 
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 Figure 9.6:controlled 3-way valve component model implemented in Modelica/Dymola 

The valve position signal determines the opening position of each of the two incompressible valves 
modeling the hydraulic connection for each of the ways of the valve.  A lineal relationship between 
opening opening position for each direction is assumed, and  for  each valve a  flow coefficients for open 
position (Kv expressed in m3/h) is needed.  

Again all parameters have been obtained from manufacturer data. [Heimeier, 2008] 

 

9.9 Controlled pumps 
Detailed hydraulic models for pumps that reproduce the pump operational line (figure 9.7 left) have  been 
taken from the Modelica Fluid Library and modified in order to consider the pump curve limitation because 
of the size of the electric motor use. Given different operation points of each of the pump curves for 
maximal rotational speed of the hydraulic pump, the model is able to calculate the flow rate of the pump 
given for a given rotational speed. The equations are coupled with the equations from other models 
calculating pressure drops for a given flow rate, and the working point for each simulation point in flow 
rate/height for the pump is calculated together with the pressure drops for a closed hydraulic circuit. 
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 Figure 9.7: controlled electric pump component model implemented in Modelica/Dymola (left) and corresponding 
pump curve for CC1 P1 pump (right) 

 

Additionally as it can be observed at the left side of figure 9.7, the controlled pump models include PI 
controller blocks that control the pump operation depending on the value of an observed variable (in this 
simulation work temperatures or flow rates) and a Boolean input to switch ON/OFF  the  controlled pump. 

For each simulated electric pump (CC1 P1, CC1 P2, RH P5) the pump curves and electric power 
consumption curves have been implemented using parameters taken from manufacturer information 
[WILO, 2007] 

 

 

 

 

9.10 Pipes  

 

For all installed piping section connecting different components, a pipe model has been introduced. Each 
pipe model calculates pressure drops depending on pipe length and diameter and heat transfer to the 
ambient with a heat transfer coefficient calculated from the type and thickness of the isolation layer used. 

Figure 9.8:graphical Modelica/Dymola representation of a hydraulic pipe  
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 The pipe model used is a modified version of the pipe component   from the Modelica fluid Library, and  
include a calculation model for the pressure losses due to friction, that are calculated as a function of the 
flow rate and internal dimensions of the pipe, assuming quadratic turbulent regime with constant loss 
factor data. The pipes are discretized in finite volumes, being decided to chose 1 segment per meter of 
pipe length. 

For heat losses calculations  constant convective heat transfer to the environment is assumed. It is 
assumed that all pipes are installed inside the building (as the dry cooling towers are installed in the 
basement) and a constant temperature of 20°C for the environment is used. Heat transfer coefficients 
have been calculated independently for each  pipe segment, since the isolation used is different 
depending on the location of the pipe segment and the fluid contained (hot water, cooling water or chilled 
water). 

 

 

9.12 Components for system control 
The already presented  component models for controlled pumps and valves include PI-controller models, 
as well as other logical an boolean subcomponent models to build its logical behavior. All these 
subcomponent models  have been taken from the logical and control packages include with the  Modelica 
Standard Library or developed from them. 

Additionally two main controller models have been used inside all system models: one on/off controller to 
control the operation status of the TDC unit and a TDC chilled water controller that implements the control 
strategies described in section set and that represent the different sets considered. All of this control 
models have been implemented in a similar, by using existing logical models as subcomponents and 
connecting them and completing the model by self developed subcomponents for specific tasks. As an 
example, the ON/OFF CONTROLLER for the TDC, used for all system sets that include an storage tank is 
described. 

 

ON/OFF CONTROLLER TDC:  

 
The internal structure of this subcomponent is shown in figure 9.9 The controller model has three inputs, 
that during operation are  connected to the temperatures measured at three different levels of the cold 
water storage tank, and two outputs, that are connected in operation with the pumps supplying water to 
the TDC and the TDC models. 
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Figure 9.9:  TDC ON/OFF controller component model implemented in Modelica/Dymola 

  

 

Depending on the values passed to the inlets, the internal logic of the block decides if the pumps and TDC 
should be switched ON or OFF. Inside the subcomponent Entscheidet On/off different logical blocks and 
clocks control if the set conditions for  operation START (average temperature  higher than 8°C) and stop  
(temperature at the higher level of the tank lower than 8°C) are true, and what to do if they are both true, 
only and true or both false. Then, the second block decides when to start and stop the operation of the 
TDC and pumps, in such a way that its component models can work in the correct way without  producing 
convergence errors. 

Similar structures are used for all different control blocks used for the implementation in Modelica of the 
control strategies presented in the next section and that have been compared within this simulation work. 

 

10 Case and set description 

As it was mentioned above, a simplified version of the plant installed at Berlin as SP8B within the 
Polysmart project was used for the comparison of different systems strategies. The reference system 
presented in section set is used as the initial set up, and variations from this set  in components 
configuration and control strategy used were studied in different cases. 

In order to be able to estimate the system performance under different boundary conditions, different 
simulation cases were analyzed, and are presented in this section. For all simulation sets and cases the 
same simulation tool (Modelica/Dymola) was used, and no modification was made in the modeling and/or 
simulation approach. 
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10.1  Boundary condition description 

Weather data used, environment characteristics  and start values for all component models present in the 
system are the main boundary condition for all system simulations, and they were all the same for all 
cases and sets simulated. 

Weather data extracted from Meteonorm for Berlin was used to account for the performance of the heat 
rejection system and the thermal losses of the pipes installed outside the building. For all components 
installed inside the building with thermal losses calculations (pipes and water storage tank) it was 
assumed that the temperature inside the building stays constant at 20°C for the whole year. It was 
assumed that all pumps, fan coils, the dry cooler and the TDC unit are shut down at the beginning of the 
simulation, and start working when it is commanded by the control unit. 

As it was mentioned before, a constant hot water supply with a temperature of 90°C and a mass flow rate 
of 0,33 kg/s is assumed as a constant district heating network supply for all simulated sets. 

 

10.2 Cooling load files 

As it was mentioned in section 7, all cooling load files are taken from the thermal building simulation 
made by M. Fedeli with TRNSYS for his Master Thesis. Concrete cooling load profiles for concrete cases 
are presented in the case description section. 

 

10.3 Sets description 

For each simulation case six different system sets have been simulated, changing for each of the sets 
either the system set-up and/or the chiller control strategy with respect to the initial set that corresponds to 
the system set-up and chiller control strategy present in section 7. 

 

SET TCW C TANK: System with tank, constant cooling water chiller control strategy 

This system set corresponds to the configuration and control strategy  presented in section 7. The cooling 
water temperature from the rejection heat circuit is controlled at a constant temperature level of 24°C. The 
chilled water outlet temperature is controlled via a 3-way valve at the chilled water outlet of the TDC, and 
redundantly just in case the first valve is not enough by a mixing valve at the heat rejection circuit (HR VB) 
that increases the cooling water temperature. A chilled water storage tank is included which allows an 
ON/OFF operational strategy to the TDC that can work in this way  with nearly full load during operation 
independently of the cooling demand. 
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Figure 10.1: system set TCW C NOTANK   

 

SET TCW C NOTANK: System without tank, constant cooling water chiller control strategy 

This system set maintains the control strategy for the TDC presented in section 7 (constant cooling water 
control strategy) but changes its set up and operational strategy as no chilled water tank is present. In this 
way, the ON/OFF controller is not present anymore and  the system will not work always at full cooling 
load during operation. The chilled water tank and the second pump for distribution at the chilled water 
circuit (P2) can be saved, and the TDC will work anytime there is cooling demand present. All other 
components are controlled in the same way, except from pump CC1 P1, that will work always at its 
maximal capacity. The system is presented in figure 10.1. 

 

 

 

 

 

 

 

 

 

 

Figure 10.2:  system set TCW V NOTANK 
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SET TCW V TANK: System with tank, variable cooling water TDC control strategy 

This system set maintains  the chilled water storage tank and the second circulation pump P2, but 
changes the constant cooling water control strategy for the TDC to a variable cooling water control 
strategy to maintain the chilled water temperature at the desired level. With this new control strategy, the 
chilled water outlet temperature is not controlled  anymore by opening or closing a 3-way valve (this 3-way 
valve is not present anymore), but by regulating the cooling water inlet temperature at the value that 
makes the TDC supply chilled water at the desired temperature, by given hot and chilled water inlet 
temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.3: flow diagram for the variable cooling water control strategy 

 

Figure 10.3 shows a flow  diagram for the variable cooling water control strategy. Given a set value for the 
chilled water outlet temperature (CC1 T2), the chiller controller  calculates using the characteristic 
equation function the set value for the cooling water inlet temperature (HR T1) that provides the desired 
CC1 T2 for the measured values of hot and chilled water inlet temperature and the present flow rates at 
the external circuits of the TDC. A PID changes the fan speed of the cooling tower in order to maintain the 
outlet temperature at the cooling tower at the desired set value, in the same way as it was made for the 
constant cooling water control strategy. 

The new chiller controller in charge of the regulation of the cooling water temperautre needs now to know 
the existing temperatures at the chilled water and hot water TDC external circuits, as well as the flow rate  
the chilled water circuit in order to calculate the desired cooling water temperature. This control strategy 
was present by A. Kühn  and V. Klauss for the control of the partial load operation of TDCs installed in 
solar cooling plants, and by reducing the working point of the fan at the dry cooler by part load operation 
of the TDC it is able reduce the electric consumption of the heat rejection circuit for partial load operation 
of the TDC. [Kühn, 2007]  

All other secondary control units in charge of the  the position of the VB valves at CC1 circuit as well as 
the  control units for pumps CC1 P1 and P2 and HR P5 don't change with respect to  those presented at 
section 6 for the reference set.  As the chilled water tank is also present  same ON/OFF strategy for TDC 
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is used as presented for the reference system set .  Even the controlled valve HR VB1 and its control 
strategy are  still present to prevent undesired cooling of the chilled water temperatures below the set 
value, although its operation should only necessary in emergency cases. 

 

SET TCW V NOTANK: System without tank, variable cooling water TDC control strategy 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.4: system set TCW V NOTANK 

 

For this system set   the variable cooling water control strategy described for set TCW V TANK  is 
implemented,  but changes its set up and operational strategy have been introduced, as no chilled water 
tank is present. As it was the case for set TCWC NOTANK  if not chilled water storage tank is present, the 
system will not work always at full load during operation, but the chilled water tank and the second pump 
for distribution at the chilled water circuit (P2) can be saved. 

The ON/OFF strategy for the chiller is the same used for the set TCW C NOTANK: if cooling load is 
present the chiller in switched on, otherwise it will be switch off. The system set is presented in figure 
10.4. 

Again the pump CC1 P1 will work now always at its maximal working point if cooling load is present. All 
other secondary controllers are the ones that were  presented in reference set.  

 

SET TCV V+OPT VO NOTANK: System without tank, variable cooling water control strategy and optima 
opening of the heat rejection valve HR VB 

This system uses the same components and configuration presented for SET TCV V NOTANK, but the 
control strategy for chilled water outlet temperature,  although based on the variable cooling water 
strategy idea, present some differences in its implementation.  The idea for this new control strategy was 
developed after comparing the simulation results for SET TCV C and SET TCV C for operation with low 
ambient temperature. It was observed that with the control strategy that maintains constant cooling water 
temperature levels, better electric performance were obtained than when using a variable cooling water 
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temperature for low ambient temperatures. The results shown that with the constant cooling water 
temperature strategy  the consumption at the dry cooling tower was slightly higher than using a variable 
cooling water strategy. The power consumption at the HR Pump 5 however, where much more lower with 
the first than with the second control strategy.  (see a further explanation at the results section 11.1) The 
reason for this difference in the power consumption at the heat rejection pump is that the first control 
strategy opens the recirculation  valve HR VB1 during its operation.  

Based on this observation it was decided to combine this reduction in power electric consumption by 
opening the valve RH VB with the variable cooling water temperature control strategy. The optimal 
position of the valve HR VB1 for a minimal power consumption for the heat rejection depends on the 
ambient temperature and the on the desired cooling water temperature (both factors together determine at 
which speed the cooling tower fan much work for a given flow rate). With this fact in mind some simulation 
experiments where performed in order to obtain the valve position of valve HR VB that optimizes the 
electrical COP of the TDC for a given ambient temperature and set temperature for the TDC cooling 
water, given a constant inlet hot and chilled water temperature. 

The figure 10.5 presents the results obtained from the simulation experiments. For each pair of TCW,set and 
Tambient an optimal value for the valve opening of  HR VB1 can be read. It is clear that the optimal valve  
opening increases for low ambient temperatures and specially for high set temperatures for the cooling 
water temperature. 

 

Figure 10.5:  optimal valve HR VB opening position as function of Tset and Tambient 

 

A lineal function was developed fitting the results from the experimental tests as shown in figure 10.6. This 
function was implemented in Modelica for the new control strategy, and is included in the simulation set 
SET TCW V+OPT VO NOTANK. As figure 10.6 shows, the new control strategy works in the same way 
the variable cooling water temperature does the but has two differences with the last: now is the cooling 
water inlet (HR T1)  and not the cooling tower outlet temperature (HR T8) the controlled value by the heat 
rejection controller, and the control signal for the valve HR VB is sent by the main heat rejection controller  
not being  directly dependent to the chilled water outlet temperature as before . 
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Figure 10.6: system set TCW V+OptVO NOTANK 

 

The block diagram for this control strategy is presented in figure 10.7. 
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 Figure 10.7: flow diagram for the chilled water control strategy with optimal HR valve opening 

 

As figure 10.7 points, now it is the central TDC controller in charge of the cooling water temperatures that 
sets the optimal valve position for the cooling water mix valve control (HR VB), depending on the set value 
for the cooling water temperature and the ambient temperature. 

 

SET TCW V+OptEl TANK: System with tank, variable cooling water TDC and optimized load operation for 
electrical COP control strategy 

The main idea of the control strategy for this set is to take advantage of the chilled water storage tank by 
operating the TDC with the cooling load that optimizes its electrical COP, regardless of the cooling 
demand at the moment. Taking into consideration what it was mentioned before with respect to the 
optimal opening for the HR valve VB1, the control will try to set for each ambient temperature the cooling 
water temperature that achieves best electric COPs and the best  valve position for each set point for the 
cooling water temperature.  

The  new controller  system may make the TDC not always work at the cooling load that optimizes the 
TDC electrical performance:if the cooling load for best electrical operation of the TDC is lower than that 
needed than the cooling load to obtain the set temperature at the chilled water temperature, the set value 
for the cooling water and the valve position will correspond to that calculated by the inverse characteristic 
equation function. In this way, the TDC would try to work at its best point, letting the chilled water outlet 
temperature be lower but never higher than the set value. 

All system components present in the system are the same used for the set TCW V TANK, and also  the 
secondary controllers  for pumps and valves, and the ON/OFF controller for the TDC operation   are those 
presented in the reference system set  description. The  system set simulated as SET TCW V+OptEl 
TANK    is presented in figure 10.8. 
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 Figure 10.8:system set TCW V+OptEL TANK 

 

Analogue to other cases, the block diagram for this simulation case is also shown. In this case we can 
observe it in figure 10.9.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.9: flow diagram for the control strategy with variable cooling water and  cooling load 
operation for optimal HR electrical performance 
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As was explained above, with this new control strategy the set value for the cooling water temperature for 
the cooling tower and the optimal valve position are decided chosen between two pair of values: the first 
pair corresponds to those calculated by the inverse characteristic equation while the other pair correspond 
to those that make the TDC work at the cooling capacity with the best electrical COP. Only if the cooling 
capacity for optimal electrical COP is higher than that resulting from the characteristic equation for the set 
chilled water temperature the optimizing pair will be chosen. 

10.3 Case description  

The simulation sets presented above would be simulated for 2 different cases that represent 2 extreme 
boundary conditions for its operation.  

CASE A:  PARTIAL COOLING LOAD FOR THE HOTTEST DAY OF THE YEAR 

The day with the highest temperatures according to the Meteonorm weather data for Berlin  (19th of 
August) was chosen as the first extreme case for the simulation of the cooling plant. According to the 
observed relationship between ambient temperature and electric performance of the TDC it would be 

assumed that the worst results to be expected with given boundary conditions for the cooling plant will be 
obtain for this weather conditions.  The cooling loads files used for these simulation are the cooling loads 
for rooms  R003.b (supplied by FAN COIL 1) and R05 (FAN COIL 2) obtained from the TRNSYS thermal 
load calculation by M. Fedeli. For the thermal loads calculation Meteonorm Weather Data for Berlin have 
been used as well. 

Figure 10.10: ambient temperatures and cooling loads for case A 

 

A daily simulation has been performed for this case. The simulation period is dynamically chosen by the 
Modelica solver in order to fulfill the required tolerance of 0,0001. For analysis and graphical 
representation the output interval is 60 seconds.   

 

CASE B:  PARTIAL COOLING LOAD FOR A COLD WINTER DAY 

As a second simulation case, a cold day in winter was chosen.  The cooling load covered by Fan Coils 1 
and 2 are presented now in figure 10.11 together with the ambient temperature. 
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Figure 10.11: ambient temperatures and cooling loads for case A 

 

Comparing figures 10.10 and 10.11 it is clear that the loads remain almost constant, although loads in 
summer are slightly higher. The ambient temperatures, however, are really different for each of the 
considered cases. A daily simulation has been performed also for this second case. Again the simulation 
period is dynamically chosen by the Modelica solver in order to fulfill the required tolerance of 0,0001 and 
the output interval is 60 seconds 

11 Results 

The main result for all sets and studied cases are presented in this section. The performance figures 
presented in previous sections to evaluate are shown together with some graphical information useful to 
understand the dynamic behavior of the plant for the different sets and cases and to find an explanation 
for the differences  between the performance figures of different sets. 

11.1 Case A: partial cooling load for the hottest day of the year 
Table 11.1 summarizes the main simulation results obtained in form of  energetic performance figures for 
the different sets for the hottest day of the year and a nearly constant cooling load of 6,6kW. 
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Table 11.1: Energetic performance figures CASE A 

It can be clearly seen that the TDC and plant thermal performance  of the simulated sets that include a 
storage tank is better than that of the sets that not include this tank. On the other side however, with 
the ambient conditions taken for CASE A, the TDC and plant electric performance factors are better 
for  sets not including a tank. (up to a 27% better than the reference case). 

Comparing the performance figures obtained for different control strategies, the variable cooling water 
control strategy improves the electrical coefficient of performance with respect to the control strategy that 
sets a  constant cooling water temperature . The control strategy  used in the set TCW V+OptVO, that 
additionally opens the HR VB valve in an optimal way, increase again slightly the electric performance 
factor with regard to the strategy used in TCW V NOTANK. This second improvement is however really 
small due to the fact that the control strategy used in TCW V+OptVO is different from that used in  TCW V 
NOTANK only for ambient temperatures below 20°C, and for the simulated day this condition is only true 
for  the first simulated hours. 

Figure 11.1 compares the evolution of the electric COP of the TDC for the simulated period of 24 hours  
for the the three system sets not including  an storage tank.  
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Figure 11.1: ambient temperature and TDC electrical COP for sets without TANK for CASE A 

  

From figure 11 it becomes clear that for lower ambient temperatures both TCW C NOTANK and TCW 
V+OptVO NOTANK work with better TDC electrical COPs than TCWV NOTANK. The reason for these 
difference is the different behavior of the opening position for valve RH VB for the different control 
strategies used. Figure 11.2 illustrates the differences in this behavior and how it affects the power 
consumption at the heat rejection circuit and the TDC electric performance.. 

A clear relationship  between the HR power consumption and the TDC electrical COP plotted in figure 11.1 
can be found.  It becomes also clear that most of the electric consumption relies at the heat rejection if 
ambient temperatures are high: up to 1100W electric power are needed at the HR circuit to produce 
around 5 KW, what explains the low TDC electrical COP registered between 12 and 18h. 
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Figure 11.2:RH VB1 Valve Opening and HR Pel for sets without TANK for CASE A 

 

The oscillating behavior of the HR VB (or cooling water mix) valve position for the set TCW C NOTANK  is 
a consequence of a bad parametrization for the PI-Controller controlling the 3-way valve at CC1 and the 
interaction between this controller and the controller of the HR VB valve trying to maintain the chilled water 
outlet temperature (see figure  8.3).  However it can be observed that by opening the valve HR VB  the 
total power consumption for the first 9 simulated hours of the set TCW C NOTANK  is lower than that of  
the set TCW V NOTANK.  This fact was observed and then analyzed and used for the development of the  
control strategy used by set  TCW V+OptVO where the variable cooling water control strategy was 
improved by adding a controlled opening of valve HR VB. The figure show how the power consumption is 
then reduced.  

 

Figures 11.3 shows why the power consumption is reduced: a part of the water at the heat rejection circuit 
pumped by  the HR Pump is now recirculated using the above named valve, and the pump  does not have 
to impulse a high flow rate up to the cooling tower. The part flow sent to the dry cooling tower is reduced to 
a lower temperature and mixed again with the flow through the valve HR VB. The power electric 
consumption at the tower increased but the total power consumption at HR is  reduced. 
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Figure 11.3:HR Pump  and HR Cooling Tower Pel for sets without TANK for CASE A 

 

When comparing the electric performance between system sets with and without a cold water storage 
tank, the relationship between ambient temperatures and electrical COPs  can be identified again. 
Systems sets including a cold water storage tank make the TDC unit work for a certain period of time at a 
high cooling load. The  TDC unit works until  the tank is fulled with chilled water, and the TDC is switched 
off until there is no chilled water at the tank anymore, and then the TDC starts to work at high cooling load 
again. In this way TDCs at system sets with storage tank work always with higher cooling loads. Looking 
at figure 11.4 it can be seen how system sets with higher cooling loads can get better electric COPs if the 
ambient temperature is low (as it is the case between simulated hour 4 and 5 for case A) but get always 
worst electrical COPs than systems with lower cooling loads if the ambient temperature is high.  
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Figure 11.4:  Tambient, Q0 and COPel for TCW V TANK and TCW V NOTANK  for the hottest day of the year 

 

At table 11.1 can be also observed how the simulated values for electric performance factor for the TDC 
units are reduced from  values between 8,1-9,77 for the whole day operation to values  that lie between 
5,6-7,1 if the whole plant performance is being considered. These differences are caused by the power 
consumption of the pump delivering the chilled water and by the power consumption of the fan coils 
supplying cooling to load (around 190W el. for 6600W th). 

On the other hand, the thermal coefficient of performance for all simulated sets show  a really small or no 
sensitivity to the control strategy with the ambient conditions considered  in this simulation case, but  a 
significant difference in thermal performance coefficient can be observed between those systems systems 
including a cold water  storage tank and those who do not include it. 

It seems clear, that  given a fixed hot water temperature to the TDC for all system sets, those  sets  with a 
TDC  working with a higher cooling load obtain better thermal coefficient of performances for the TDC. 
The reason is that systems with tank  including an storage tank and working with same hot water and 
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similar chilled water inlet temperatures decrease the cooling water to increase at the same its cooling 
capacity and the its thermal coefficient of performance at it is shown in figure 11.X. In this figure the 
simulated values for  the sets TCW C TANK and TCW NOTANK are compared, but  a similar situation 
can be observed if systems wit other control strategies are simulated.  

 

 Figure 11.5: temperatures at external circuits of the TDC, cooling capacities and COPth for sets TCW C 
TANK  and TCW C NOTANK for the hottest day of the year 

 

Figure 11.5 makes clear that when the TDCs are ran with lower cooling water temperatures, bigger 
cooling capacities can be achieved, achieving at the same time higher thermal COPs. For the hottest 
hours of the day, between 12 and 16h, the dry cooler is not able to reduce the cooling water to the desired 
level anymore, and both sets obtain almost same cooling capacities and thermal COPs. This increase in 
thermal COPs by decreasing the cooling water temperature implies a higher electric consumption at the 
TDCs. Depending on the ambient temperatures, the electric performance factor of the TDC (ratio between 
obtained cooling capacity and electric power consumption) can  either improve or get worse. 

In table 11 it can  also be observed that the cooling demand is almost completely covered by the plant for 
all simulated systems sets, being less than a 0,7% of the total demand for the systems without tank and 
around 2% for the systems including a storage tank being covered by a back up system. The reason for 
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this difference between sets with and without tank relies on the periods the p when the TDC is off and 
water supplied directly from the cold water storage tank. During these periods supply temperature to the 
fan coils, T6 can increase up to 11°C (see figure 11.6) being the fan coils system not able to cover the 
whole cooling demand. 

 

 Figure 11.6: simulated values for the TDC chilled water outlet temperature for the simulated sets TCW C TANK and 
TCW C NOTANK for the hottest day of the year  

 

Regarding the overall energetic efficiency of the cooling plant. the simulated sets including an storage 
tank present better values that those not including it. Reason for that are the higher thermal performance 
factors for systems working with higher cooling loads. The systems sets not including a storage tank have 
better electric performance factors, but the fact that the TDC consumes  more heat than electricity  makes 
that the overall energetic performance factor for the plant is better for systems including an storage tank. 

The system set with a control strategy that tries to run the TDC with cooling capacity optimizing its electric 
performance  (TCW V+OptEl TANK) present the better results between the system sets including an 
storage tank. Not only the thermal, but also the electric coefficient of performance is the best between the 
three considered sets.  The plant electric performance factor can be increased from 5,65 to 6,04  and the  
plant overall performance factor  from 0,615 to 0,624 by using the new developed control strategy. 

 

 

PRIMARY ENERGY ANALYSIS 

 

The plant overall performance factor discussed in the last lines relates the energetic efficiency of the plant, 
but it does not make any distinction between heat from the district heat network and electric energy supply 
as inputs to the plant, not taking into consideration that none of them not a primary energy flow, and 
different amount of primary energy are needed for its production. In order to analyze the performance of 
the plant from a primary energy perspective, primary energy factors  for district heating and   electric 
power supply must be given. 
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2 sets of primary energy factors have been considered for the energy supply: the first one corresponds to 
the energy factors used if the electric power and district heating supply in Berlin is considered For this set   
primary resource factors of 2,5 for the electric supply and  and 0,57 for the district heating are considered. 
Primary resource factor of 2,5 for electric supply and 0,2 for district heating are supplied by network 
manager from Dresden. This difference in district heat primary energy factor for Dresden and Berlin can 
be explained by the fact that waste incineration with a nearly null primary energy factor contributes to a 
significant part of the heat generation at the district heating network in Dresden. 

 

The primary energy factors obtained for each set are  compared with  the primary energy factors of 
conventional system, which get the electricity from the electrical network and use a conventional 
compression chiller to provide cooling. An Energy Efficiency Ratio of 2, (usual value taken from Eurovent) 
have been considered for this conventional chiller. 

With these values used for the primary energy factors, and using the definition given in section 5.4 
following NRPE for the plant are obtained for the system sets simulated in case A  for the operation  of the 
plant during the hottest day of the year. 

 

 

SET
NRPE factor plant Berlin  supply network 1,3 1,26 1,22 1,22 1,21 1,22
NRPE factor plant  Dresden supply network 0,75 0,74 0,66 0,7 0,66 0,7
NRPE factor conventional system 0,89

TCW C 
NOTANK

TCW C 
TANK

TCW V 
NOTANK

TCW V 
TANK

TCWV+OptVO 
NOTANK

TCWV+OptEl
 TANK

Tab
le 11.2: Primary energy performance factors  CASE A 

 

It is clear that also from a primary energy consideration the sets not including a tank and with a changing 
cooling water control strategy for the TDC operation get the best results. No big difference can be 
observed however under this circumstances between these sets and those with the same strategy but 
including a storage tank, with a worst electric performance but better thermal one. 

Comparing the primary energy factors founded for operation in Berlin and Dresden with the factor 
obtained for the conventional system, it is clear that with the considered efficiencies and factors the 
system would always obtain primary energy savings in Dresden but never in Berlin. Even with the set 
obtaining the best thermal efficiency (TCW+OptEl) a plant electrical performance factor of at least 28 is 
needed in order to obtain primary energy savings in Berlin. 

 

11.2  Case B: partial cooling load for a cold winter day  
 

Same sets simulated in case A where simulated for case B, with slightly lower cooling loads (see 
differences in cooling supply) and really different ambient temperatures. Again a 24 hours period is 
simulated and the results of the simulations are presented in table 11.3. 

 

The results obtained for this case show again that system sets  working with a storage tank present better 
thermal performance factors than those not including it. This seen to be a fact and independent from 
ambient conditions (so far the set values for the cooling water temperatures can be achieved).  As it was 
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shown in figure 11.5 this can be explained  by the fact that systems working  with lower average cooling 
water temperatures, obtain not only higher cooling capacities but also better TDC thermal performance for 
the same chilled water temperature.  

SET
212,5 233,0 212,5 232,3 213,0 230,8
148,7 171,8 148,6 173,0 148,8 172,0
0,700 0,737 0,700 0,745 0,699 0,745

7,5 7,6 9,7 7,6 8,0 7,5
19,7 22,7 15,2 22,8 18,6 22,8

138,9 136,2 138,9 136,6 138,88 136,54
0,0 26,2 0,0 26,9 0,0 26,0

0,654 0,697 0,654 0,704 0,652 0,704
99,97 98,03 99,99 98,33 99,99 98,30
14,0 14,9 16,2 15,0 14,4 14,3
9,94 10,9 8,59 10,88 9,65 11,36

0 9,61 -13,57 9,46 -2,9 14,31

0,613 0,655 0,607 0,661 0,611 0,663

0 6,79 -0,95 7,81 -0,39 8,13

TCW C 
NOTANK

TCW C 
TANK

TCW V 
NOTANK

TCW V 
TANK

TCWV+OptVO 
NOTANK

TCWV+OptEl
 TANK

Heat supplied from district heating [kWh]
Cooling production at TDC [kWh]
TDC Thermal  performance factor
TDC Electric Power consumption [kWh]
TDC Electric performance factor

Cooling supply Load [kWh]
Cooling stored Tank [kWh]
Plant thermal  performance factor
Cooling demand TDC fraction  [%]
Plant electric power consumption [kWh]
Plant electric performance factor

Improvement in COPel Berlin [%]

Overall plant performance factor

Improvement in performance factor  [%]  

Table 11.3: Energetic performance figures CASE B 

 

For this simulated case not only the thermal, but also the electrical performance is better if a storage tank 
is included. With a storage tank present, the operation of the plant changes to an ON/OFF operation of the 
TDC, that works at high cooling loads until the tank is full. 

As it was shown in case A, the electric performance of  TDCs working with high cooling loads is better if 
ambient temperatures are low, like it happens in case B (winter operation). By this reason system sets 
including a storage tank work now with a better electrical performance factor that those working without it. 
For case B sets with higher cooling loads show a better electrical COP, as it can be seen in figure 11.7.  
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 Figure 11.7: TDC electrical COPs and Cooling Capacities for system sets including a tank for its 
operation  on a cold day in winter 

 

Figure 11.7 also shows how the new developed control strategy  for the operation with an storage tank 
(TCW V+OptEl TANK) success mostly in his goal of make the thermal driven chiller work with  the cooling 
load that optimizes its electrical COP. The control algorithm must be however improve because  as figure 
11.7 shows, for some moments the TDC electrical COP is better with the control strategy working with a 
constant cooling water temperature of 24°C, and a nearly constant cooling load of 13kW.  

The electrical COPs for the TDC units for all set simulation are under this winter mode improved up to 
values of 15,2 for the worst system set in this aspect, up to 22,8 for the system sets that obtain the best 
electrical performance of their TDCs. The plant electrical performance factors are reduced however down 
to values  8,59 and 15,2. Reason for that is the big electric power consumption at the Fan Coils as it was 
pointed for case A, that does not change with the ambient conditions. 

For this case, and assuming that a system set including a cold water storage tank is used, the plant 
electric performance factor can be increased from 10,9 to 11,36  and the  plant overall performance factor  
from 0,655 to 0,663 by using the new developed control strategy. 

 

PRIMARY ENERGY ANALYSIS 

Also for this second case an analysis of the performance of the plant from a primary energy point of view 
is performed. Same two considered scenarios for case A (cooling plant being part of a decentralized 
CHCP system in Berlin or cooling plant being part of a decentralized CHCP system in Dresden) have 
been considered, and same parameters are used for calculations. 

The conventional plant non renewable primary energy factor dont change from that obtained for case A 
as constant factors are considered for primary energy factors for the electric supply (value is same for 
Berlin and Dresden as national value is considered) and for the Energy Efficiency Ratio for the reference 
compression chiller.  

The obtained results are presented in table 11.4. 
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SET
NRPE factor plant Berlin  supply network 1,12 1,04 1,16 1,03 1,13 1,02
NRPE factor plant  Dresden supply network 0,56 0,52 0,6 0,52 0,57 0,51
NRPE factor conventional system 0,89

TCW C 
NOTANK

TCW C 
TANK

TCW V 
NOTANK

TCW V 
TANK

TCWV+OptVO 
NOTANK

TCWV+OptEl
 TANK

 

Table 11.2: Primary energy performance factors  CASE A 

 

Now, corresponding what it was observed for the plant overall performance factor, the best results are 
obtained with the system sets including an storage tank and a variable cooling water control strategy,  and 
the new developed control strategy can even increase further the performance. The primary energy 
factors for the operation on a cold day in winter are significantly better than those obtained for the hottest 
day of the year, but again primary energy savings can only be achieved for the operation of the plant in 
Dresden. With the thermal performance factors for the best simulated set, a plant electrical performance 
factor of 24 is needed to obtain primary energy savings in Berlin. 

 

12 Conclusions 

 

After analyzing the simulation results for the both simulated cases, some trends have been identified  and 
a better understanding have been achieved in how the electrical and thermal performance factor for a 
TDC working in a district heating driven absorption cooling plant changes for different cooling load points 
and depending on the ambient temperatures. The advantages and potentials of different TDC operation 
control strategies have been identified and new ones have been developed with the goal of improving the 
energetic performance of the plant. 

 

Depending on ambient conditions, the inclusion or not of a chilled water storage tank can lead to better 
electrical performance of the district heating driven cooling plant. The cold water  storage tank forces the 
TDC to work with higher cooling loads, with better electrical performance  for low ambient temperatures 
and worse for high ambient temperatures in comparison with a system not including an storage tank. The 
systems with cold storage tank will work on the other side always with higher thermal performance factors, 
due to higher cooling demands achieved by working with  lower average cooling water temperatures. 

 

Controlling the cooling water temperature in order to control the chilled water temperature at the outlet of 
the TDC seems to improve in general the electrical performance of the TDC against a strategy of 
maintaining a constant cooling water temperature. For the simulated plant, only for low ambient 
temperatures and a set without chilled water tank seems to be better to have a constant cooling water 
temperature at the outlet of the cooling tower, and mix it with cooling water from the outlet of the TDC. 
This particular case appears due to the particular relationship between the electric power consumption  at  
heat rejection circuit water pump and dry cooler. In a new developed strategy, the optimal relation for 
mixing rate and set value for the cooling tower outlet  temperature has been approximated, obtaining 
again improvement in the electrical performance of the plant. Additionally, if a chilled water storage tank is 
present, a strategy trying to run the chiller for the cooling load that optimizes the electrical performance 
has been developed, showing satisfactory results. 
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In conclusion control strategies with variable cooling water temperature and optimal power consumption at 
the rejection heat circuit have shown the best performance. For low ambient temperatures better 
performances are achieved if a chilled water storage tank is included, but the inclusion of the tank makes 
no sense when the system is working continuously with very high ambient temperatures, and the cooling 
capacity of the TDC is limited. 

 

Thermal performance factors up to 0,732/0,697 for TDC/Plant have been simulated for the hottest day of 
the year. For a cold day in winter these values can be increased up to 0,745/0,704. The simulated 
electrical performance factors for the hottest day of the year were below 11,1/7,1 for TDC/Plant. In winter 
the simulated values of these figures can grow up to 22,8/11,36. High electric consumption in fan coils 
explain the big difference between TDC and plant electric performance factors. 

 

In order to reduce the primary energy consumption seems to be essential to be able to reduce the power 
electric consumption and increase the electrical performance factor. The major power consumption relies 
in the heat rejection, and efforts should be made by optimize the power consumption by intelligent control 
strategies but also by optimizing hydraulic designs and selecting high electric efficient components 
(pumps and cooling tower). On the other side the electric coefficient of performance is highly dependent 
on the ambient conditions and the cooling load at the chiller, although this two factors can be related. As a 
simulated example, if the ambient temperature goes up to 30°C, the simulated TDC with a working hot 
water temperature of 90°C and the installed dry cooling water can only supply around 6kW instead of the 
nominal 10kW, if chilled water with 12°C needs to be chilled down. Under this conditions, the worst 
expected for the plant operation in Berlin, a thermal COP of around 0,7 with an electrical COP around 5 
are simulated, representing the worst expected operation conditions for the TDC within this system 

 

The considered boundary conditions determine if the plant is able to achieve or not primary energy 
savings, but given the simulated thermal performance factors of around 0,73-0,74, electrical performance 
factors of at least 24 for the whole plant are needed for achieving primary energy savings  installing the 
plant in the district heating network of Berlin with actual primary energy factors. If the plant was to be 
installed at Dresden, on the other side, with the primary energy factors for electricity and district heating 
supply in this city, all simulated sets would obtain primary energy savings for all ambient conditions. 

 

 

 

 

 

 

 

 

 



 

288 
 

 

References 

 

[Albers, 2002]  Albers, J: TRNSYS Type 107 Part load simulation of single staged absorption chillers in 
quasi steady states – Contribution to a design tool for solar assisted air conditioning systems developed in 
IEA TASK25 Subtask B, IEMB-Report 2-67/2002. 
 

[Fedeli, 2010] Fedeli. M.G.: Thermal Loads and yearly performance simulation of a trigeneration plant, 
Master Thesis TU Berlin -  Universita degli Studi di Perugia, March 2010 

 

[Casella, 2006] Casella, et Al.: The Modelica Fluid and Media library for modeling of incompressible and 
compressible thermo-fluid pipe networks. Proceedings of 5th int. Modelica Conference,; pp. 631-640,  
September 2006; www.modelica.org 

 

[Dorer,2007] Dorer V, Weber A,: Methodology for the Performance Assessment of Residential 
Cogeneration Systems. IEA/ECBCS Annex 42 Report, ISBN No. 978-0-662-46950-6, 2007 available at 
http://www.ecbcs.org  

 

[Güntner, 2007]. Güntner Dry Cooling Tower, Product GFH 067C/1-L(D)-F6/24P technical specification  
(obtained by supplier on 19/06/2007) 

 
[Heimeier, 2008]  Heimeier Vario 2 and 3 way valves technical product description,  prospekte 5.4 and 3.1 
04/2008. available at www.heimeier.com 

 

[Hellman, 1999] Hellmann K-F, Ziegler F.: Simple absorption heat pump modules for system simulation 
programs, ASHRAE Transactions 105 (1),  1999 

 

[Klein, 2006] Klein S.A., Duffie, J.A.: TRNSYS 16, Transient System Simulation Program, Solar Energy 
Laboratory, University of Wisconsin-Madison; TRANSSOLAR, Stuttgart, 2006. 

 

[Klein, 2007] Klein D, 2007: Modellierung und Simulation einer fernwärmegestützen Gebäudekühlung mit 
Absorptionskälteanlage. Diplomarbeit, TU Berlin. 

 

[Kühn, 2005]  Kühn, Ziegler F.: Operational results of a 10kW absorption chiller and adaptation of the 
characteristic equation. Proceedings of the 1st International Conference on Solar Air Conditioning, 6/7th 
October 2005, Bad Staffelstein, Germany. 

 

[Kühn, 2007]  Kühn A., Clauß, V. Ziegler F.: A new control strategy for solar driven absorption chillers, 
Proceedings of the International Conference Solar Air Conditioning, Tarragona, Spain, October 2007 



 

289 
 

 

[Meteonorm, 2009] Meteonorm software Version 6.1, www.meteonorm.org 

 

[Modelica,2010]  Modellica Association, Modelica- A Unified Object-Oriented Language for Physical 
System Modeling, Language specification, version 3.2, March 2010. www.modelica.org 

 

[NAU, 2007] NAU technical description  of storage Tank PUB 2000 

 

[REMKO, 2003]  Remko KLT technical product description (Bedienung-Technik-Ersatzteile) Ausgabe D – 
s03 available at www.remko.de 
 
 

[Stabat, 2004]    Stabat, M. Simplified Model for indirect-contact evaporative cooling tower behaviour. 
Applied Energie 78, 2004; pp. 433-451 

 

[WILO, 2007] WILO, technical product description of pumps Stratos 25/1-6 PN 10 and Stratos 30/1-12 
PN 10 provided by supplier on 03.09.2007 

 

[Witte, 2008] Witte et Al. Absorption chiller modelling with TRNSYS – requirements and adaptation to the 
machine EAW Wegrecal SE 15. Eurosun 2008 – Int. Conf. On Solar Heating, Cooling and Building ., 
Lisbon, Portugal, Paper  324. 07.10. October 2008 

 

[POLYSMART, 2006]  PolySMART, EU FP6 project POLYgeneration with advanced Small and Medium 
scale thermally driven Air-conditioning and Refrigeration Technology,  http://www.polysmart.org 

 

[Ziehl-Abegg, 2007]  Ziehl-Abegg: Speed control of fans for refrigeration and air-conditioning, technical-
commercial report 2007 available at www.ziehl-abbeg.com  

 

 

 

 

 

 

 

 

 

 

 



 

290 
 

Appendix 
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a) Modelica/Dymola system assembly SET TCW C NOTANK  
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b) Modelica/Dymola system assembly SET TCW C TANK  
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1 Modelica/Dymola system assembly SET TCW V NOTANK 
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d) Modelica/Dymola system assembly SET TCW V TANK 
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e) Modelica/Dymola system assembly SET TCW V+OptVO NOTANK  
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f) Modelica/Dymola system assembly SET TCW V+OptEl TANK  
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