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Abstract 

This thesis presents an optimisation approach and techno-economic evaluation tool for a 
system consisting of a transpired solar air collector and air source heat pump in a series 
arrangement. The thesis also investigates the application of the developed tool for feasibility 
study of a solar heat pump system for a group of three multi-family houses located in 
Ludvika, Sweden.  
 
Transpired solar air collector is used in combination with an air source heat pump to meet 
space heating and hot water demand for the defined location. Moreover, the solar pre-heated 
fresh air is used as a heat source for the heat pump evaporator to improve its coefficient of 
performance. Solar heat pump systems are extensively studied by numerous researchers, 
However the analyses about techno-economic feasibility of air source heat pump with 
transpired air solar collector are still lacking. Therefore, an optimisation tool is developed 
based on the non-linear programming for coherent operation strategy and variation in 
collector flow rate. The effect of optimisation along with the techno-economic feasibility for 
a demo case residential building in Sweden is then preliminary studied based on the defined 
boundary conditions. 
 
The analysis is gradually progressed through several phases of thesis starting from system 
description and followed by tool methodology and case study. A pre-developed dynamic 
simulation model is used to obtain the space heating and domestic hot water demand of the 
building. The electricity expenses of the existing system are evaluated and the results are 
used as a reference to compare the savings resulting from the installation of transpired solar 
collectors with gross area of 50 m2.  
 
The results are presented as a defined economic indicator such as payback period. The 

results of the simulation reflect that the installation of 50 m2 solar collector area leads to 3 % 
savings compared to the defined reference case, with a simple payback of 22 years. 
Moreover, results also indicate that variation of collector flow rate and operation timings are 
effective strategies to maximise the system savings. The analysis reveals that the optimisation 
can result in up to 60 % additional savings in comparison to a fixed flow rate case.  
 
The developed tool has a potential use for feasibility check at an earlier stage of the 
installation project, without the need for extensive system simulations. Moreover, the tool 
overcomes the shortcoming of various available tools such as RETscreen solar air heating 
project model, which are not designed to evaluate the performance of solar collectors with 
heat pump systems. 
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Abbreviations 

Abbreviation Description 

ASHP Air source heat pump 

COP Coefficient of performance 

DHI Diffuse horizontal irradiance 

DHW Domestic hot water 

DNI Direct normal irradiance 

GSHP Ground source heat pump 

NLP Nonlinear programming 

PV Photovoltaic 

SH Space heating  

TSAC Transpired air solar collector 
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Nomenclature 

Symbol Description Unit 

𝑄 Energy delivered to the user 𝑘𝑊ℎ 

𝑄𝑡𝑜𝑡𝑎𝑙  Total heat demand of the building 𝑘𝑊ℎ 

𝑄𝑟𝑒𝑐𝑎𝑝,𝑜𝑝 Recaptured heat in operation mode 𝑘𝑊ℎ 

𝑄𝑟𝑒𝑐𝑎𝑝,𝑠ℎ𝑢𝑡 Recaptured heat in shut down mode 𝑘𝑊ℎ 

𝑄𝑠𝑜𝑙 Thermal output of the collector 𝑘𝑊ℎ 

𝑄𝑛𝑒𝑡 Net heat load on the heat pump 𝑘𝑊ℎ 

𝑄𝑆𝐻 Space heating demand of the building 𝑘𝑊ℎ 

𝑄𝐷𝐻𝑊  Hot water demand of the building 𝑘𝑊ℎ 

𝑄𝑤𝑎𝑙𝑙 𝑙𝑜𝑠𝑠 Conduction losses from the building wall 𝑘𝑊ℎ 

𝑄𝑛𝑐𝑙 Space heating load net of conduction losses 𝑘𝑊ℎ 

𝑄𝑛𝑒𝑡 𝑎𝑚𝑏 Reduced thermal energy required at heat pump 
evaporator 

𝑘𝑊ℎ 

𝐶𝑂𝑃𝑎𝑚𝑏 Coefficient of performance at ambient temperature - 

𝐶𝑂𝑃𝑆𝑇 Coefficient of performance at outlet temperature - 

𝐶𝑂𝑃𝑖𝑚𝑝 Improved coefficient of performance  - 

𝐸𝑝 Electricity price 𝑘𝑊ℎ 

𝐸𝑟𝑒𝑓  Annual electricity expenses for reference case 𝑘𝑊ℎ 

𝐸𝑓  Fan electricity consumption 𝑘𝑊ℎ 

𝑇𝑎𝑚𝑏 Ambient air temperature ℃ 

𝑇𝑐𝑜𝑙𝑙,𝑜 Air temperature at collector outlet ℃ 

𝑇𝑒𝑓𝑓 Effective wall temperature ℃ 

𝑆𝐸𝐾 Swedish krona - 

𝑆 Savings due to collector installation 𝑆𝐸𝐾 

𝑃 Payback period 𝑦𝑒𝑎𝑟𝑠 

𝐶 Capital cost 𝑆𝐸𝐾 

𝐴𝑐𝑜𝑙𝑙 Collector area 𝑚2 

𝐼𝑡 Irradiation on tilted plane 𝑘𝑊ℎ/𝑚2 

𝐼𝑏 Beam horizontal irradiation  𝑘𝑊ℎ/𝑚2 

𝐼𝑏𝑛 Beam normal irradiation 𝑘𝑊ℎ/𝑚2 

𝐼𝑐𝑜𝑙𝑙 Incidence energy on the collector surface 𝑘𝑊ℎ 

𝐼 Global horizontal irradiation 𝑘𝑊ℎ/𝑚2 

𝐼𝑑 Diffuse horizontal irradiation  𝑘𝑊ℎ/𝑚2 

𝑅𝑤𝑎𝑙𝑙 Insulations value of building wall (𝑚2 ⋅ 𝐾)/𝑊 

𝑅𝑐𝑜𝑙𝑙 Insulation value of collector (𝑚2 ⋅ 𝐾)/𝑊 

𝑅𝑏 Geometric ratio - 

𝑉𝑤  Wind speed 𝑚/𝑠 

𝐶𝑝 Specific heat of air 𝑘𝐽/(𝑘𝑔 ⋅ 𝐾) 

�̇� Air volume flow rate per unit collector area 𝑚3/(ℎ ⋅ 𝑚2) 

𝑖 Hour number of the year - 

𝛽 Tilt angle of collector ° 

𝛼 Solar absorptivity of the collector - 

𝛿 Sun declination angle ° 

𝜃 Solar incidence angle ° 

𝜌 Air density 𝑘𝑔/𝑚3 

𝜂 Collector efficiency % 

𝜔 Hour angle ° 

𝜑 Latitude angle ° 

𝛾 Surface azimuth angle ° 
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1 Introduction 
Residential and commercial buildings represent up to 40 % of the global electricity 
consumption in developed countries [1]. Most of the electricity is used for heating, 
ventilation and cooling purpose in the residential buildings. A significant fraction of total 
electricity demand is still fulfilled by non-renewable sources resulting in a large amount of 
greenhouse gas emission [2]. Therefore, the increased use of renewable energy sources 
appears as one of the several promising strategies to decarbonize the residential sector [3]. 
In this regard, heat pump that use renewable energy from their surroundings (e.g. air or 
water) is considered as candidate environment friendly technology, having an annual growth 
rate of 10 % in 2018 [4]. 
 
Among different types of heat pumps available in the market, air source heat pumps 
(ASHPs) are widely used in the residential buildings. These heat pumps make use of the 
thermal energy contained in the ambient air as a heat source. However, an ASHP may show 
a decrease in coefficient of performance (COP) at a temperature below 5 oC due to frost 
formation on the evaporator coil which increase the thermal resistance. Therefore, it 
determines a reduction of the heat transfer between refrigerant and the ambient air [5]. This 
drawback can be overcome by using a hybrid solar heat pump (SHP) system in which heat 
pump is combined with solar thermal collector, photovoltaic module or a hybrid collector. 
The solar collector can be utilized in order to preheat the fresh air delivered to the heat 
pump evaporator [6]. The hybrid SHP system features better collector efficiency due to low 
operating temperatures and improved heat pump performance owing to higher air 
temperature [7].  
 
Cost-effectiveness remains a critical challenge for broader market penetration of SHP 

systems. Therefore, this thesis investigates a system consisting of a façade mounted 
transpired solar air collector (TSAC) connected in series with an ASHP, utilized to meet 
space heating and hot water demand in the domestic dwellings. The system is arranged in 
such a way that the fresh air preheated by TSAC is used as a source for the heat pump 
evaporator to augment its performance.  TSAC consist of a perforated metal sheet with a 
solar absorptive coating applied to it. The thermal collector is designed to be mounted on 
the building structural walls with an optimum gap to allow for airflow behind it. A fan-
assisted unit directs the pre-heated air to the heat pump evaporator through a conventional 
duct system.   
 
A tool is developed based on the non-linear programming and is used for a feasibility study 
of TSAC-ASHP system for a demo case residential building located in Sweden. The techno-
economic performance of the system is examined and the main factors influencing the 
results are discussed. An optimisation approach is implemented within the tool to improve 
the system economic performance. Furthermore, the impact of optimisation process is 
evaluated and compared to a non-optimised case characterized by fixed flow rate. The 
developed tool has potential use for the feasibility check at an earlier stage of the project 
without the need for extensive system simulations. Majority of the work carried in this thesis 
is within the framework of European union H2020 project named EnergyMatching. The 
aim of the project is the demonstration of cost-effective active building skin solutions as 
part of an optimised building energy system and to maximise the energy harvesting [8]. 
Therefore, the work carried in this thesis demonstrates the feasibility of TSAC as an active 
skin solution for residential buildings. 
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 Aims 

The aim of the work presented in this thesis adheres to 3 important objectives as follows:  
 

1. Development of a tool for engineers and researchers to study the techno-economic 
feasibility of a series integrated TSAC-ASHP system, for given location, load profile, 
and collector mounting arrangement.   

2. Introduction to an optimisation process applied within the tool for a defined system 
to maximise the savings for the customer. The approach makes use of coherent 
operation strategy and variation in collector flow rate to improve the system 
performance. 

3. Analysis of a TSAC-ASHP system using the developed optimisation tool, for a 
residential building located in Sweden to analyze the economic feasibility of TSAC-
ASHP system in Swedish climatic location. 
 

Therefore, this report delivers a tool for solar heat pump system using optimisation at the 
component level. It also represents the usage of the tool for a demo case study in Swedish 
climate, in order to arrive at conclusions and suggestions for the feasibility of TSAC as a 
building envelope solution with heat pump. 

 

 Method 

A heuristic approach is followed for each step of the thesis, starting from the system 
description to the results and analysis. The approach consists of five main steps. First, a 
comprehensive literature review on SHP technologies is performed. Second, a system 
definition is presented followed by the development of the tool to carry system simulations 
using components models and various boundary conditions. Then, an optimisation 
approach is introduced to augment the system performance and the effect of optimisation 
is reflected on the savings. The thesis ends with a summary of the results and discussion. 
Uncertainty in the analysis along with glimpse of future work is also presented in the thesis. 
The overall methodology is shown in Figure 1.2.1 followed by a brief description of each 
step involved. 
 

1. Literature survey: In order to carry a techno-economic analysis of SHP system, a 
literature survey has been attempted at first. Previous feasibility analyses about 
various solar thermal systems for European regions are investigated. Literature 
survey is aimed to make an understanding of system working, various challenges in 
the system performance along with dynamic behavior of various system 
components. 
 

2. System definition: The system under consideration for this thesis which includes a 
TSAC and ASHP is broadly defined in this section. The factors affecting the 
performance of various components on the system level are introduced. Various 
possible arrangements to integrate the components are discussed with relative pros. 

and cons. of each arrangement.   
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Figure 1.2.1 Methodology used in the thesis 

 
3. Tool development: The tool is developed using non-linear programming in 

Microsoft Excel software [9]. Various Inputs to the tool are provided such as 
meteorological data, thermal load demand of the building and collector mounting 
arrangement. The hourly energetic performance of the individual component is 
evaluated based on mathematical correlations and components models embedded in 
the tool. Input data is utilised to create a simulation deck and the information is 
further used to calculate the existing system expenses, savings due to the installation 
of solar collector and optimisation results.  
 

4. Optimisation: An optimisation strategy is implemented in the tool to maximise the 
savings from the system. The first optimisation is aimed to have a variable collector 
flow rate subjected to control parameters such as ambient temperature, wind speed, 
and solar irradiance. The optimisation basis is due to the non-linearities of collector 
performance with increased flow rates and due to variation in heat pump COP with 
ambient temperature. An operation strategy is defined as part of the optimisation, 
with control function as system working timings, subjected to constrains such as 
irradiation and heat pump capacity. 
 

5. Case studies: A group of residential buildings is selected as a part of the study, to 
check the feasibility of ASHP-TSAC system configuration. The chosen buildings are 
demo case buildings for EnergyMatching project, therefore most of the data required 
for the analysis such as location, building wall material properties and orientation is 
available. Thermal demand of the building, which includes space heating (SH) and 
domestic hot water (DHW) demand, is generated using a pre-developed model in 
transient system simulation tool (TRNSYS) [10]. The electrical load of the building 
is irrelevant to the system context and therefore not considered in the analysis.  
Once the simulation is initiated, then the control strategy, annual flow rate map and 
economic performance parameters are determined with the help of the developed 
tool. The savings are evaluated based on the comparison with a reference system 

6. Results and analysis  

Inference of  the results Uncertainties Limitations

5. Case studies
Defintion of  boundry 

conditions
Quantatitave assesment Results

4. Optmisation

Flow rate variation Operation startegy

3. Tool development

Model assesment energetic analysis Simulation deck

2. System definition

System components Boundry conditions

1. Literature survey

Existing solar heat pump technolgies Identification of  research gap
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assuming that no TSAC is installed and heat pump works at ambient temperature 
without any air preheating. 
 

6. Results and analysis: The simulation results are analysed and a general understating 
is established on the critical factors which significantly affects the results. Based on 
the results, recommendations are made on the feasibility of SHP system for 
residential building. The section ends with the conclusion which summarizes the 
impact of the analysis. The future work on the subject is proposed at the end of the 
section. 

 

 Previous work 

Summary of the various studies carried for SHP is presented in this section. Initially, a 
general overview of various studies on SHP for residential buildings are presented to gain 
more insights of system working and integration schemes. In second part, studies related to 
optimisation of SHP systems on component level are discussed. In the last section, the focus 
is narrowed down to literature concerning techno-economic analysis of SHP systems.  The 
framework of the literature review is shown in Figure 1.3.1 with the defined objectives for 
each section. 
 

 
Figure 1.3.1 Framework for literature review 

 

1.3.1. General overview of SHP systems 

Heat pump is a technology which works on a thermodynamic cycle such as vapor 
compression or vapor absorption system. The primary function of heat pump is to lift a 
certain quantity of heat from low temperature source to high temperature sink [11]. The heat 
source may include ambient air, exhaust air from ventilation, surface water, and ground 
depending on the type of the heat pump. Heat pumps based on vapor compression cycle 
are widely used and the work input to these heat pumps is in the form of electricity which 
might be produced from fossil fuels. Moreover, the performance of ASHP drops 
significantly at lower ambient temperatures owning to the poor heat transfer between 
refrigerant and the source. This results in a decrease of heat pump COP and thus increase 
in electricity consumption [12]. This issue provides a potential opportunity for the 
integration of solar collectors with heat pump to improve its performance [13]. Realizing 
this potential, international energy agency launched Task 44 with an objective to study the 
relevance of solar thermal collector integration with heat pump and to deliver common 
grounds, performance measures and standards to analyses and compare such systems [13]. 
 

General 
overview

• Importance of  solar heat pump systems

• Various integration schemes

Optimisation 

• System level analysis 

• Component level analysis

Techno-
economic 
analysis

• Methologies used for the analysis

• System performance variablity
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Various studies can be found in the literature to integrate numerous types of solar system 
with a wide variety of heat pumps. Frank et al. [14] specified a visualization approach for 
systematic classification of SHP systems based on various criteria such as type of solar 
thermal collector, heat source/sink temperature, type of application and integrated storage 
concept. One such visualization scheme is shown in Figure 1.3.2, which explains the various 
integration options for SHP systems [14]. 
 

 
 

Figure 1.3.2 Various integration approaches for heat pump system [14]. 
 

Solar thermal collector can be integrated in parallel and series arrangement with heat pump. 
In a parallel system, both solar collector and heat pump are connected to a storage tank to 
meet the load demand. The arrangement has no provision to supply collector output to the 
heat pump. The heat pump works at ambient temperature as the preheating of air is not 
provisioned. However, in a series arrangement, solar collector is used as a source for the 
heat pump. The pre-heated air/water is supplied to the heat pump evaporator to increase its 
temperature and COP. Lerch et al. [15] carried a comparative analysis using TRNSYS for 
these two arrangements for the glazed and unglazed collector. The results concluded that a 
series arrangement is characterised by high efficacy during low irradiation conditions. It was 
further concluded that 14 m2 of collector area leads to 2 % savings compared to a no-solar 
case. 
 
Solar photovoltaic (PV) systems can also be used to supply electricity demand required for 
the heat pump operation. A comparative analysis of two arrangement consisting of PV-heat 
pump and solar thermal-heat pump reveals that both systems have a similar economic 
advantage. However, it was further concluded that the decrease in PV prices can make PV-
heat pump arrangement more attractive [16]. Poppi et al. highlighted the role of various 
boundary conditions such as irradiation, daily load variations on the economic performance 
of a PV-heat pump system [17]. 
 
Solar collectors are widely integrated with ground source heat pump in northern European 
climates. Tepe et al. [18] realized the possibility of reduction in annual electricity 
consumption in such configuration for Swedish climatic conditions. Kjellsson [19] analysed 
a solar integrated ground source heat pump for domestic dwellings in Sweden using dynamic 
system simulation in TRNSYS. An operation strategy is defined for summer and winter 
period based on borehole depth and the results show an overall decrease in electricity 
consumption on an annual basis compared to a reference case.  The additional benefit of 
solar heat can be realised due to the increase in borehole temperature. 
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1.3.2. Optimisation of SHP systems 

 
SHP system may consist of several mutually interacting components. The performance 
characteristic of each component can vary depending on the system operational parameters. 
Therefore, it is imperative to understand each component behavior and its implication on 
the complete system performance. The optimisation of the complete system can play a vital 

role to attain high energetic and economic performance. Various efforts are being made to 
optimised SHP system based on several parameters such as irradiation and operation 
timings.  Haller et al. [7] performed a mathematical analysis to define an irradiation limit to 
switch between series and parallel arrangement of solar collector and heat pump system. The 
results show that the irradiation limit is dependent on collector characteristics curve, heat 
pump performance curve and ambient temperature.  
 
Badescu [20] developed a model for SHP system to propose an operation strategy based on 
solar irradiation, with a purpose to switch among two operation modes (with and without 
solar heat) to maximise the savings. The results indicate that heat pump consumes 8 % less 
electricity when pre-heated air from the solar collector is used to increase heat pump 
evaporator temperature. The conclusions are drawn in comparison to a base case without 
any solar collector. Shan et al. [21] experimentally analysed the thermal performance of SHP 
under various running modes for colder climates in Beijing. The study was aimed to identify 
barriers for effective system operation and includes suggestions to augment the energetic 
performance of system integration. The results show that optimisation of operation timings 

can reduce the annual electricity consumption by 25 %. 
 
Mass flow rate is a critical parameter to control in SHP system integrated with air heating 
collectors. Higher the mass flow rate, higher will be the heat transfer rate and the lower will 
be outlet air temperature from the collector. This means that higher rates of heat can be 
recovered from the collector, but at the same time, it could negatively affect the outlet 
temperature from the solar collector system and thus, suppress any potential increase in heat 
pump COP [22]. On the contrary, high mass flow rate also increase the collector 
performance and recaptured heat loss from the building. Yang et al. [23] also conclude that 
high air mass flow rate is preferred in order to increase the thermal efficiency as more heat 
can be extracted from the solar collector system. However, low air mass flow rate is preferred 
when collectors are combined with a heat pump, depending on the irradiation and ambient 
temperature. 
 
Therefore, it can be realized that a variable air flow rate can be used to optimise the collector 
performance and heat pump COP in air heating SHP systems. This acts as a basis for 
optimisation technique used in this thesis to improve the system performance. 
 

1.3.3. Techno-economic analysis of SHP system 

 
The technical features of the SHP are studied in detail by many researchers. However, there 
is a lack of literature addressing the economic aspects of these systems. Loveday [24] 
assessed a system consist of a heat pump and solar heated profiled sheet cladding, using 
mathematical correlations. The study concluded that heated air augments the system 
energetic performance compared to a no-solar case, along with a strong impact of fan power 
consumption on the cost economics. 
 
Yin et al. [25] performed a feasibility study using evacuated tube collector integrated solar 
heat pump system, to conclude that the payback period has a strong dependence on collector 
area, load profile and electricity price. The author represented a payback period of 22 years 
for 22 m2 of integrated collector area used with ASHP in a parallel configuration. 
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In conclusion, it can be stated that SHP system is studied in details by numerous researches. 
The literature review reveals that the various system configurations are possible with SHP 
systems and an understanding of component level behaviour is important to maximise the 
savings. Moreover, a strong optimisation potential in flow rate and operation timings is 
determined on the system level. A lack of techno-economic studies for SHP systems is 
realised in the literature.   
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2 System description 
This thesis investigates a system comprising of TSAC and ASHP in a series arrangement. 
TSAC is used as an energy harvesting element on the building skin and mounted on the 
façade. The integration scheme of the system is shown in Figure 2.1. The basic system 
concept is to meet the thermal load demand of a residential building using an ASHP 
supplemented by pre-heated air from TSAC. The system also consists of a variable speed 
fan, which will control the air flow rate in energy harvesting elements in order to optimize 
overall system performance. Ambient air is pre-heated using TSAC mounted on building 
façade and is used as a low temperature heat source for the evaporator. A mixture of ambient 
air and solar heated air may be used, when the collector flow rate is not sufficient to match 
the heat pump air flow rate requirement. This control is enabled by the use of a damper 
which is regulated by an electro-mechanical control valve which open and close based on 
the flow requirement. Heat pump may be integrated with thermal storage to meet the load 
demand for night time usage. The main development in the thesis is to address the techno-
economic aspect of the proposed system. The detailed description of the major system 
components is defined in the following sections. 
 

 
Figure 2.1 Conceptual scheme of the system under study 

 

 Transpired air solar collector 

2.1.1. Issues with conventional collectors mounting 

Majority of the solar thermal collector installations are based on the rooftop due to their 
convenience of installation and layout. The problem with these installations is that they are 
not aesthetically pleasing, and the collector mounting structure is prone to high wind loads 
due to tilted layout which increase the wind drag coefficient. Moreover, in residential and 
high-rise buildings, the roof area is very limited compared to the façade area, and therefore 
restricting the scope for wide deployment of solar thermal systems. Furthermore, the 
performance of such collectors is affected specifically in winters, when the active absorber 
area of collector is often covered by snow plunging the thermal output to zero [26]. 
 
As façade comprises majority of the building area exposed to the solar irradiation, one such 
solution to address issues with conventional mounting is to make use of building façade and 
integrate the solar collector as part of the building skin. These systems not only act as an 
active element for the production of the heat but also as insulation to the building wall and 
thus reduce the conduction losses from the wall due to the increased thermal resistance. 
Moreover, due to the vertical mounting, snow deposition is highly unlikely on the collector 
surface. High availability of façade area also facilitates to achieve high solar fraction in multi-
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house dwellings with high thermal demand. Therefore, several façade based solar thermal 
systems have been developed recently and utilized as a part of the building heating system. 
Transpired air solar collectors (also known as a perforated solar collector or sheet metal 
cladding) are developed to improve the energetic performance of the building with a special 
focus on architectural integration. These collectors are designed to be mounted on building 
fecade as shown inFigure 2.1.1 [8]. Due to their architectural versatility and adaptability, 
TSAC provides flexibility of design and ease of integration. The collector can be tweaked in 
terms of shape, profile, and colour as per façade geometry to provide seamless integration. 
TSAC is widely used in colder climates to preheat the ambient air for standard commercial 
and industrial building ventilation system [27]. 

 

 
Figure 2.1.1 Transpired air collector mounted on building façade [8] 

 

2.1.2. Research and development in TSAC 

The development of TSAC started in late 1980 when it was first used for air heating to 
supplement the space heating (SH) demand in a residential building [28]. In another effort, 
the collector was integrated with a capillary radiant heat exchanger to meet SH and domestic 
hot water (DHW) demand for a multifamily house [29]. The application of the collector was 
extended for industrial and agricultural usage such as process heating and crop drying, with 
a realisation that better collector efficiency and low cost are key features of TSAC [30]. 
Mathematical correlations were developed and the performance measurement of TSAC was 
presented by Kutscher and Christensen [31] to analyse the system losses. The analysis was 
further extended for three-dimensional flow to obtain more precise results [32]. In another 
application, TSAC was coupled with PV modules to meet electricity and thermal load 
demand of the building. It was observed that PV modules work at better efficiency in 
combination with TSAC due to the air flow behind the modules thus lowering its 
temperature [33]. Later, Zheng et al. [34] experimentally observed an efficiency of up to 70 % 
using TSAC with solar absorptive coating on its surface.  
 

2.1.3. Collector design 

TSAC consists of a perforated steel plate with a hole size of up to 3 mm and pitch distance 
of up to 30 mm. A closeup of a TSAC is shown in Figure 2.1.2 [35]. 
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As collectors absorbs the solar irradiation, the collector surface temperature starts increasing. 
A fan extracts the air thru collector perforations and create a modest negative pressure 
behind collector that pulls in the fresh air through the collector. The heated air is then 
supplied to building using mechanical ducting system. A bypass damper is often provided 
to bypass hot air in the summer period when the heating is not required. The integration of 
TSAC for SH application is widely deployed and the scheme is shown in Figure 2.1.3 [35]. 
 
It was observed that the convective losses are minimized in TSAC as the air is continuously 
drawn from the perforated plate. The radiant heat losses are also lower due to relatively low 
absorber temperature compared to water heating collectors [36]. Moreover, the collector 
requires less maintenance due to less moving parts and no liquid circulation system. 
 

 
Figure 2.1.3 System working of collector used for space heating application [35] 

 
Collector insulation effect: By creating an air pocket between the outdoors and the building 
exterior wall behind it, a TSAC system can provide an insulating effect, reducing the 
temperature gradient between the building interior and the exterior of the building shell. The 
additional thermal resistance decreases the conduction losses happening thru the wall and 

Figure 2.1.2 A close look at transpired air collector [35] 
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thus reduce the space heating load on the building [37]. These additional savings can provide 
a significant contribution to the overall benefit of a project specifically in colder climates and 
for the buildings with uninsulated walls. 
 

2.1.4. Factors affecting the collector performance 

Collector performance is governed by climatic parameters such as solar irradiation, wind 
speed and ambient temperature that can vary based on the geographic location where the 
TSAC system is installed. Moreover, operational parameters such as air flow rate can affect 
the performance significantly. Based on the literature review, a brief explanation of various 
factors is explained in this section. 
 
Climatic parameters 
Climatic parameters that can affect the collector performance may include solar irradiation, 
wind speed, and ambient temperature. High irradiation level and ambient temperature 
increase the annual thermal output of the collector. However, it is also true that a high wind 
velocity can negatively affect the performance of the entire system, reducing the useful heat 
transferred to the collector and working medium. This efficiency reduction is due to the 
decrease in the mean plate temperature caused by the heat loss to the environment, especially 
if unglazed TSAC collector is used.  
 
Operational Parameters  
Flow rate: Flow rate is an important parameter in designing of TSAC system as it affects 
convection heat transfer coefficient. An increase in heat transfer coefficient will improve the 
heat transfer rate and decrease the outlet air temperature. This aspect is crucial especially 
when the extracted heat is used to preheat the incoming ventilation air during the winter 
season or when the collector is coupled with an air source heat pump. In fact, as the mass 
flow rate becomes very large, the temperature increase from inlet to outlet approaches zero, 
making the outlet air useless for indoor winter ventilation or for the improvement of COP 
in ASHP. Moreover, the high flow rate leads to high fan power consumption and this affect 
the economic feasibility of the system. Therefore, optimisation of mass flow rate is of high 
importance in the system design. 
 
Geometric parameters   
Tilt angle and orientation: These two parameters are limited by the building wall 
geometry. As TSAC is designed to be mounted on building envelope, there is no flexibility 
to adjust the collectors to optimum tilt angle as compared to the conventional systems. The 
system is generally mounted on a south wall as it receives more irradiation compare to the 
east and west wall. The annual irradiation on the tilted wall is generally lower compared to 
horizontal irradiation due to high solar incidence angle. However, the difference in 
horizontal and tilted irradiation decreases at higher latitudes in winters due to high sun 
declination angle.  
 
Perforation Size: As shown in Figure 2.1.2, a collector surface consists of perforations of 
optimum diameter to allows the air flow. However, a diameter less than the optimum value 
will restrict the air flow and therefore, increase the pressure drop thru the collector. This 
increased pressure drops negatively affect the fan efficiency and increase the fan power 
consumption, affecting the economic performance of the complete system. Collector is 
generally designed to have a pressure drop of 25-50 Pa/m2.  
 

 Heat pump 

Heat pump work on a thermodynamic cycle and absorb low-grade heat from the external 
source and reject it at a higher temperature. The key feature of a heat pump is its high 
efficiency as it can provide up to five times more energy compared to what is needed in the 
form of electricity. The use of the heat pump provides a potential to reduce the cost and 
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emissions along with less maintenance requirements. Europe remains a large deployment 
market for heat pumps with an average growth rate of 10 % in 2018 [4]. 
 
International energy agency supports the deployment of the heat pump by means of various 
collaboration program in several countries. The program is focused on quantitative analyses 
of heat pump performance, savings, testing and development of the new technologies [38]. 
Realizing the importance of performance testing, RISE in Sweden became the first 
laboratory to test and review various types of heat pump [39]. However, despite the high 
efficiency of the heat pump, the behavior on system level is rather complex, as heat pump 
interacts with other system components. Therefore, various control strategies are required 
to minimize annual electricity consumption on the system level. A project is launched by 
KTH university in Sweden to improve the annual efficiency of heat pump using predictive 
controls strategies regarding electricity price, occupant’s behavior and weather forecasting 
[40]. A heat pump can be classified based on its thermodynamic cycle (compression or 
absorption) and also based on the heat source (air source, geothermal and hydrothermal). 
The brief description of each type is presented in this section. 
 

2.2.1. Classification based on the working cycle 

 

1. Compression heat pump: This is the most widely deployed heat pump and consists 
of four major components such as compressor, condenser, expansion valve, and 
evaporator. The compressor is used to increase the refrigerant pressure from 
evaporator pressure to condenser pressure. Electricity is used as input to drive the 
compressor. Compressor can be further classified as a reciprocating or rotary 
compressor. Expansion valve irreversibly takes the refrigerant from condenser 
pressure to evaporator temperature, and the liquid refrigerant is vaporized using 
various heat source depending on the type of heat pump. The evaporated vapor is 
condensed using by transferring the heat to sink which is used for the heating 
application.  

 
2. Absorption heat pump: The working principle of these heat pump is based on the 

separation of the two components of a fluid mixture: the solute at a higher vapor 
pressure and the solvent at a lower vapor pressure. The mixture pair generally 
consists of water and lithium bromide or ammonia and water [41]. The components 
are the same as compression heat pump system except for the compressor, which is 
replaced by a group of absorbers, heat exchangers and generators. These heat pump 
sometimes are also called thermal actuation machine, due to the fact that thermal 
heat is primary energy source instead of electricity. 
 

2.2.2. Classification based on the type of heat source 

 
1. Air source heat pump: ASHP use ambient air, exhaust air or pre-heated air from 

solar system to generate heating and Cooling. The outdoor air is blown over the heat 
pump evaporator using a fan coil unit. The exhaust air from ventilation units can 
also be used as a source for heat pump, and this type of heat pump is known as 
exhaust air heat pump. ASHP offers several advantages such as great structure 
compaction and reliability. The capital cost of installation for ASHP is less compare 
to the ground source heat pump (GSHP), as no surface drilling is required. The 
maximum achievable efficiency for a heat pump can be derived using Carnot theory, 
which shows that efficiency is a function of hot and cold source temperatures. 
However, a real ASHP has quite low efficiency compared to an ideal heat pump due 
to the various losses. 
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2. Ground source heat pump: This type of heat pump makes use of the natural 
storage ability of the earth as a heat source. The ground heat is abundantly available 
and can be extracted and used for heating in domestic/commercial applications. Due 
to the fact that annual ground temperature variation is less compared to ambient 
temperature (due to its high thermal capacitance), these heat pumps have high 
seasonal performance compare to ASHPs [42]. GSHP can be further classified as 
horizontal grid system or vertical borehole system [43]. In the first type, the heat 
exchanger is laid horizontally on the ground making use of solar energy absorbed by 
the surface. However, in a vertical system, the heat exchangers are installed at depths 
ranging from 45-150 m after drilling of the ground. GSHP are often coupled with 
an auxiliary heating system to meet the peak load demand. This is due to the fact 
that meeting peak demand would require huge cost associated with drilling very deep 
boreholes.  Several other heat sources such as wastewater, industrial water, or water 
from lakes can be used for heat pump evaporator. Industrial water often has higher 
temperature compared to ambient water temperature and thus provide the potential 
for better system performance.  
 
 

 Fan and ducting 

Fan is used to create a negative pressure behind the collector to suck the fresh air thru 
collector perforations. The fan may either work continuously or intermittently based on the 
operation strategy.  It makes use of a variable speed motor to change the air flow rate behind 
the collector.   
 
Ductwork is often needed to transfer the heated air from collector to the evaporator of a 
heat pump. Ducting should have good quality of insulation to avoid heat losses. Size of the 
duct is dependent on the air volume flowing through it. Additional care to avoid water 
intrusion and wind damage must be taken during duct design. Ducting often passes thru the 
roof of the building and it must be anchored properly to avoid vibrations and damage. 
Ducting can be of various cross-sectional areas but round/square duct is preferred due to 
effective water shedding, and low wind loading. 
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3 Optimisation and feasibility tool 
As concluded from the literature survey that there is a lack of studies concerning the 
economic feasibility of TSAC with ASHP system. To eliminate this research gap, an effort 
for the development of a feasibility tool was made as part of this thesis project. The tool is 
designed to serve the following purposes:  
 

1. Check feasibility of TSAC -ASHP in a series arrangement for various climates, load 
profiles, and boundary conditions. 

2. To visualize the savings and allow the customer to select most effective collector 
area installation which provides optimisation between savings and payback. 

3. To study the effect of various parameters on system performance. 
 
This chapter describes the quantitative procedure followed for the tool development. It also 
provides a brief description of various available tool for TSAC performance analysis.  
 

 Description of the available tools 

Majorly, there are two online software available to evaluate the performance of a TSAC in 
air heating mode. These tools are designed to carry simulation on the system level with an 
option to integrate other heating sources as well. However, none of these tools have the 
option of heat pump integration with TSAC. The brief description of the available tools is 
as follows: 

3.1.1. RETscreen 

RETscreen is decisive support tool, facilitated by natural resource Canada for energetic, 
economic and environmental analysis of integrated clean energy projects [37]. The tool is 
free secure Microsoft excel application consists of several input, output and calculations 
worksheets. The tool is capable to perform energy analysis for various power sources such 
as solar PV, concentrated solar power, wind energy, gas power cycles, wave and tidal power. 
RETscreen is a widely used tool for prefeasibility analysis of clean energy projects. A solar 
air heating project model was added in RETscreen for analysis of a system consisting of 
TSAC for industrial and residential applications. 
 
Tool structure 
The tool is structured in three sections: inputs, analysis, and results. In the first section, the 
user enters the various boundaries conditions required for the system analysis such as 
location, type of application (residential or industrial), collector type and building 
specifications. The tool uses monthly average values from NASA surface meteorological 
weather data to perform the analysis. 
   
Energy model is followed by a cost analysis model and financial summary worksheet. User 
can change the existing system data such as type of boiler, existing fuel cost, and collector 
cost, etc.  The results are presented as various indicators such as annual savings, collector 
output, greenhouse gases emission savings. This is followed by the sensitivity and risk 
analysis, which helps to understand the sensitivity of financial indicators with various 
technical parameters. The interface is designed to switch between many worksheets to 
optimize the analysis results. 
 
Methodology  
The model calculates the energy saving due to the installation of TSAC in two modes: active 
heat gains and savings due to recaptured heat losses. Active heat gains are represented as 
collector thermal output at a user-defined flow rate and calculated based on empirical 
correlations derived from the collector performance characteristic curve. Recaptured heat 
losses are derived using simple energy balance considering the increased thermal resistance 
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of the building wall. However, due to the certain simplifications the model has few 
limitations such as: 
 

1. The model can simulate a TSAC developed by only one manufacturer. However, it 
does not provide any flexibility to alter the specifications/model/manufacturer of 
TSAC. As various collectors can have different performance characteristics, it put a 
limitation to execute a comparative study using other collector configuration. 

2. Combination of TSAC and heat pump cannot be evaluated using RETscreen. 
3. Tool use monthly average weather data to perform the analysis. However, daily 

average values can be significantly different from monthly average values and can 
affect the accuracy of the results. 
 

Despite these limitations, the tool provides a quick pre-feasibility analysis to make a go/no-
go decision on the projects. 
 

3.1.2. SWift 

SWift™ software program developed by natural resource Canada’s energy technology centre 
in Ottawa to analyse solar air heating system with TSAC [44]. It is a free dynamic simulation 
tool having a similar structure to RETscreen. However, the analysis is carried on an hourly 
basis instead of monthly data. It is regarded as one of the most sophisticated simulation 
tools available for analysis of TSAC and therefore serves as an appropriate benchmark to 
compare results with other available tools.  
 

 Optimisation tool 

An understanding of the calculation algorithm used in the previously mentioned tools was 
made and implemented to develop a tool addressing TSAC integration with ASHP in a series 
arrangement. The optimisation is aimed to augment the savings by flow rate variation and 
operation timings. The tool architecture composed of majorly 3 sections as shown in Figure 
3.2.1. 

Figure 3.2.1 Structure of the developed optimisation tool 
 

3.2.1. Input parameters 

Definition of the input parameters is prerequisite to start the simulation engine. The user 
can enter about 20 inputs parameters as shown in Table 3.2.1. As the tool is designed to 
carry analysis on an hourly basis, therefore, most of the input data require 8760 data points 
corresponding to each hour of the year. The hourly time step analysis provides more accurate 
results compared to monthly average data analysis. 
 

Input paramters

•Meteorological 
resources

•Heat demand

•Existing heating 
system

Simulation engine

•Components 
performance

•Optimisation

Output parameters

•Energetic 
indicators

•Economic 
indicators

•Senstivity 
analysis
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Table 3.2.1 Input parameters used in optimisation tool 

Weather parameters Geometric and 
building 
parameters 

Existing system 
details 

Advanced inputs 

Ambient 
temperature, oC 

Latitude, degrees Space heating 
load, kWh/m2 

Collector area to be 
considered for 
analysis, m2 

Wind speed, m/s Longitude, degrees DHW load, 
kWh/m2 
 

U value of collector,  

W/(m2⋅K) 

Diffuse horizontal 
irradiation, kWh/m2 

Collector tilt angle, 
degrees 
 

Existing heat 
pump capacity, 
kWh 

Indoor air 
temperature, oC 

Direct horizontal 
irradiation, kWh/m2 

Collector 
orientation, degrees 

Electricity price 
SEK/kWh 

Fan power 
consumption, 

W/(m3⋅h) 
 Building floor area, 

m2 
 Maximum hot air 

temperature, oC 
 

 Building wall U 

value, W/(m2⋅K) 

 Collector cost, 
SEK/m2 

 

 Weather parameters 
 

1. Hourly average ambient temperature and wind speed for the project location is 
copied in resource tab of the tool.  The annual average temperature typically ranges 
from -30 oC to 50 oC, depending upon the location. Hourly wind speed data is utilized 
to estimate the collector performance. Wind speed for a particular location can be 
affected by surrounding buildings and terrain, therefore the actual wind speed on 
collector surface might be lower than user entered data, however the effect is 
neglected in the current tool.   
 

2. Solar irradiation data is required to calculate the incident energy on the collector 
surface. Therefore, the tool requires two inputs: hourly direct normal irradiance 
(DNI) and diffuse horizontal irradiance (DHI). The DNI is generally measured using 
pyrheliometer whereas, diffuse horizontal irradiance can be measured using a 
pyranometer with shading ring. Weather data for any location on the globe can be 
obtained using online tool such as Meteonorm [45].  
 

 Geographic and building parameters  
 

1. Latitude and longitude: The user can enter the geographical latitude and longitude 
of the project location in degrees measured from the equator. Latitudes north of the 
equator are entered as positive values and latitudes south of the equator are entered 
as negative values. These values are used to calculate the solar incidence angle for 
each hour of the year based on the sun position for a defined location. 
 

2. Collector tilt: This is the angle between TSAC and horizontal, in degrees. If the 
collector is mounted on a façade, then collector tilt will be same as wall tilt. In most 
of the building applications where façade mounted integration is proposed, the slope 
of the collector will be vertical (90º). However, it might not always be possible to 
mount the collector on the wall, therefore the collector tilt can be changed in input 
parameters. This function also provides flexibility to analyze the effect of tilt angle 
on the economic performance of system.  
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3. Collector azimuth angle: This is the angle between the projection of surface 
normal of collector on a horizontal plane with South. If the collector is facing South, 
then the azimuth angle will be zero. To maximise the solar gains, it is always 
preferred to orient the collector towards the south. Azimuth is positive toward the 
west and negative towards the east. For e.g. collector facing south-west will have an 
azimuth angle of 45o. It is important to note that the azimuth must be entered with 
respect to the true south and not magnetic south.  
 

4. Building floor area: This is the floor area of the building under consideration in 
m2.  If the building is a multi-story building, the total floor area will sum of individual 
floor area.  
 

5. RSI building wall: This is the thermal resistance of the building wall on which 
TSAC is installed. The value should be the effective value of various building wall 
layers and should be calculated as per ASHRAE book of fundamental [46].  RSI 

value is inverse of U-value of the building and measured in (m2⋅K)/W. The RSI value 
can vary depending on the insulation quality of the wall. Uninsulated block walls 

have an RSI-value of approximately 0.1 (m2⋅K)/W. On the other end, the thermal 

resistance of a super-insulated wall system would be about 10 (m2⋅K)/W [37].  
 

 Existing system details 
 

1. SH and DHW load: The hourly SH and DHW load of the building can be entered 
in the load demand tab of the tool. The load should be entered in kWh/m2. The load 
of a building depends on many parameters such as number of people, weather 
conditions and wall insulation quality. Typical heat load value in Sweden may vary 
from 100-150 kWh/m2. In case if load is unknown, it can be calculated by knowledge 
of exiting fuel consumption of the building. A pop-up box is programmed in the 
tool to confirm what type of data is available to the user. 
 

2. Existing heat pump capacity: It is assumed in the analysis that the existing heating 
system of building consists of an ASHP integrated with a storage tank. User can 
enter the thermal capacity of the heat pump. If the capacity is not known, then the 
tool can estimate the value based on operation timings entered by the user. 
 

3. Electricity price: The price of electricity can be entered in  
SEK/kWh. It might be possible that electricity price varies throughout the year, then 
an annual average value can be entered. 
 

 Advanced inputs 
 

1. Collector area under analysis: The user can enter a preliminary value of collector 
area in m2, for which the simulation will be carried. However, the most economic 
collector area depends on many boundary conditions and the user can select the final 
collector area based on preliminary feasibility analysis. 
 

2. Insulation value of the collector: Collector installation results in an increase of 
wall thermal resistance and thus reduce the conduction losses. The thermal 
resistance of the collector depends on the collector material properties. However, 

for current analysis it is assumed at 0.33 (m2⋅K)/W [37]. The value can be changed 
based on the collector specifications. 
 

3. Indoor air temperature: The user enters the indoor comfort temperature of the 
building. For most buildings, this is the thermostat setpoint for room temperature, 
typically 21 oC. 
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4. Maximum hot air temperature: This is the maximum required temperature from 
air heating collector. The temperature limit depends on the heat pump specification. 
The typical range includes from 40-60 oC. For the current analysis, it is fixed at 40 oC 
based on the recommendation of the heat pump manufacturer. 
 

5. Fan power consumption: The user enters the electric power required to operate 
fan. The value can vary depending upon the type of fan used. The default value used 

for the analysis is 0.06 W/(m3⋅h) of an axial fan [47]. 
 

3.2.2. Simulation engine 

The simulation engine is used to analyze the system performance based on the input values 
provided by the user. The flow rate is optimised considering the performance variation of 
system components. Hourly flow rate corresponding to maximum savings is determined to 
maximise the savings. The overall calculation methodology used for simulation is divided 
into 4 sections: 
 

 ASHP model. 

 Irradiation model. 

 Reference case analysis. 

 Collector performance and savings. 
 
ASHP Model   

The efficiency of a heat pump is characterized by 𝐶𝑂𝑃, as shown in Equation 3.2.1  

 

𝐶𝑂𝑃 =  
𝑄

𝑊
 

 

Equation 3.2.1 

Where, 𝑄 (kWh) is the thermal energy delivered to the user, and 𝑊 (kWh) is electricity 
consumed by heat pump compressor. The COP of a heat pump can vary based on the source 
and sink temperature. In case of an ASHP without any air preheating, source temperature is 
the ambient air temperature and sink temperature is the hot water storage tank temperature.  
For this model, the sink temperature is fixed at 50 oC, which is the corresponding hot water 
temperature used in the buildings.  However, the COP variation with ambient air 
temperature is considered in the analysis.  
 
Performance map of a heat pump manufactured by NIBE is used for the current analysis 

[48]. The data is extrapolated from -25 oC to 50 oC to cover the range of ambient 
temperatures for various geographical locations. The performance variation of the heat 
pump with ambient air is shown in Figure 3.2.2, which show that COP of the heat pump 
can drop significantly at lower ambient temperature leading to inefficient operation. 
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Figure 3.2.2 Performance variation of COP with ambient temperature 

 
Irradiation model 
The hourly solar irradiation on the collector plane is determined by using isotropic model 
developed by Liu and Jordan, based on the weather and geometric inputs provided by the 
user [49]. 
 
The solar irradiation on a tilted surface is calculated using correlation given in Equation 3.2.2 
 

𝐼𝑡 = 𝐼𝑏 ⋅ 𝑅𝑏 + 𝐼𝑑 ⋅
1 + cos 𝛽

2
+ 𝐼 ⋅ 𝜌 ⋅

1 − cos 𝛽

2
 

 
Equation 3.2.2 

 

Global horizontal irradiation 𝐼 can be calculated using Equation 3.2.3 
 

𝐼 = 𝐼𝑏 + 𝐼𝑑 
 

Equation 3.2.3 

Where, 𝐼𝑏 ⋅ 𝑅𝑏 can be expressed using  Equation 3.2.4. 
 

𝐼𝑏 ⋅ 𝑅𝑏 =  𝐼𝑏𝑛 ⋅ cos 𝜃  Equation 3.2.4 

 

𝜃 is known as angle of incidence which can be calculated using Equation 3.2.4 
 

cos 𝜃 = sin 𝛿 ⋅ sin 𝜑 ⋅ cos 𝛽 − sin 𝛿 ⋅ cos 𝜑 ⋅ sin 𝛽 ⋅ cos 𝛾 cos 𝜔 ⋅ cos 𝜑 ⋅ cos 𝛿 ⋅ cos 𝛽 +
               cos 𝛾 ⋅ cos 𝜔 ⋅ cos 𝛿 ⋅ sin 𝛽 ⋅ sin 𝜑 +  sin 𝛽 sin 𝜔 sin 𝛾 cos 𝛿         Equation 3.2.4 
                                                                     

Sun declination 𝛿 is calculated using Equation 3.2.5. 
 

𝛿 = 23.45𝑜 ⋅ sin(360 ⋅
284 + 𝑛

365
) 

 

 
Equation 3.2.5 

Where, 𝑛 is day number of the year, for e.g. 1 for January 1st and 365 for December 31st.  
 
Reference case analysis  
Initially, the analysis is carried for a reference case assuming ambient air as a source for heat 
pump and no solar collector is installed. The total electricity expenses with the reference 
system are evaluated using Equation 3.2.6. The annual operational expenses of the heat 
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pump 𝐸𝑟𝑒𝑓 (SEK) can be calculated by the sum of hourly electricity expenses for the year, 

during heat pump working hours. 
 

𝐸𝑟𝑒𝑓 =  ∑
𝑄𝑡𝑜𝑡𝑎𝑙

𝐶𝑂𝑃𝑎𝑚𝑏

8760

𝑖=1

⋅ 𝐸𝑝  

Equation 3.2.6 

 

 
System working hours are limited by heat demand and heat pump capacity, and provided as 

an input by the user. 𝐸𝑟𝑒𝑓  (SEK) is used as base case to compare the savings with TSAC 

installation. 
 
Collector performance and savings:  
The savings due to collector installation are calculated in this section. 
 

Total incident energy on the collector: For each hour 𝑖, the total amount of solar energy 

usable by the collector 𝐼𝑐𝑜𝑙𝑙  (kWh) is calculated using Equation 3.2.7. 
 

𝐼𝑐𝑜𝑙𝑙 =  𝐼𝑡 ⋅ 𝐴𝑐𝑜𝑙𝑙 
 

Equation 3.2.7 

Collector Efficiency: Solar energy incident on the TSAC, as given by Equation 3.2.7 is used 
to preheat the ambient air. The energy is converted to usable heat depending on the collector 
efficiency given by Equation 3.2.8 [37]. The efficiency of a perforated plate solar collector 
depends on a number of variables, the more dominant of these are collector airflow and 
wind speed on the surface of the collector. 
 

η =  
𝛼

(1 +
(

20 𝑉𝑤

�̇� ) + 7

�̇� ⋅ 𝜌 ⋅ 𝐶𝑝 ⋅ (1 − 0.005 ⋅  �̇�))

 

 

Equation 3.2.8 

Temperature rise in collector: Hourly average temperature rise, ∆𝑇 oC is evaluated using 
Equation 3.2.9. 
 

∆𝑇 =
𝜂 ⋅ 𝐼𝑡

�̇� ⋅ 𝜌 ⋅ 𝐶𝑝
    

 

Equation 3.2.9 

The actual temperature rise is limited by conditions imposed on the temperature of the air 
exiting the collector, also called maximum delivered temperature. The temperature is 
constrained not to exceed the heat pump working temperature limits. 
 

Collector thermal output: The thermal output of the collector 𝑄𝑆𝑜𝑙  (kWh) is calculated 
using Equation 3.2.10. 
 

𝑄𝑆𝑜𝑙 =  𝜂 ⋅ 𝐼𝑐𝑜𝑙𝑙                                                    
 

Equation 3.2.10 

Building heat recaptured savings: When a TSAC collector is installed on a building 
façade, there is an added benefit due to the return of lost building heat through the collector. 
If the collector is not running, there is a small benefit associated with a slightly increased 
thermal resistance of the building wall. The tool calculate the building heat recapture savings 

under two different modes: operation mode 𝑄𝑟𝑒𝑐𝑎𝑝,𝑜𝑝 (kWh) and shut down mode 

𝑄𝑟𝑒𝑐𝑎𝑝,𝑠ℎ𝑢𝑡 (kWh). The operation time of collector is limited by the irradiation availability 

and the heat pump capacity and optimised to get the max savings by shifting heat pump 
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operation hours to higher ambient temperatures. The savings for both the modes is 
calculated using  

Equation 3.2.11 and   

           Equation 3.2.12 [37].  

 

𝑄𝑟𝑒𝑐𝑎𝑝,𝑜𝑝 =  
𝐴𝑐𝑜𝑙𝑙

𝑅𝑤𝑎𝑙𝑙
(𝑇𝑖𝑛 − 𝑇𝑒𝑓𝑓) 

 

Equation 3.2.11 

 
 

𝑄𝑟𝑒𝑐𝑎𝑝,𝑠ℎ𝑢𝑡 = (
𝐴𝑐𝑜𝑙𝑙

𝑅𝑤𝑎𝑙𝑙
−

𝐴𝑐𝑜𝑙𝑙

𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑐𝑜𝑙𝑙
)(𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏) 

 

           Equation 3.2.12 

 

The effective temp 𝑇𝑒𝑓𝑓,𝑖  (oC) is calculated using Equation 3.2.13 [37]. 

 

𝑇𝑒𝑓𝑓 = 0.66 ⋅ 𝑇𝑐𝑜𝑙𝑙,𝑜 + 0.33 ⋅ 𝑇𝑎𝑚𝑏 

 

Equation 3.2.13 

Where, 𝑇𝑐𝑜𝑙𝑙,𝑜  (oC) is outlet temp of the air from collector calculated using Equation 3.2.14 

 

𝑇𝑐𝑜𝑙𝑙,𝑜 =  𝑇𝑎𝑚𝑏 + ∆𝑇        Equation 3.2.14 

 
Net load on heat pump: The total space heating load of the building is reduced by the 
recaptured load. This helps to reduce the thermal load on the heat pump and net reduced 

load 𝑄𝑛𝑒𝑡  (kWh) is obtained using Equation 3.2.15 
 

𝑄𝑛𝑒𝑡 = |𝑄𝑤𝑎𝑙𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 − 𝑄𝑟𝑒𝑐𝑎𝑝| + 𝑄𝑛𝑐𝑙 + 𝑄𝐷𝐻𝑊 

 

Equation 3.2.15 

Where, 𝑄𝑛𝑐𝑙 (kWh) is heat load on building net of the wall conduction losses, it can be 
calculated using Equation 3.2.16 
 

𝑄𝑛𝑐𝑙 =  𝑄𝑆𝐻 − 𝑄𝑤𝑎𝑙𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 
                                                                         
 

Equation 3.2.16 

 

Improved COP of heat pump: The net load on the heat pump is distributed for certain 
hours in a day at which the system will be operational. The operating hours are limited by 

the heat pump capacity and irradiation value. The improved COP of the heat pump 𝐶𝑂𝑃𝑖𝑚𝑝 

is obtained using Equation 3.2.17 
 

𝐶𝑂𝑃𝑖𝑚𝑝 = (
𝑄𝑆𝑜𝑙

𝑄𝑛𝑒𝑡 𝑎𝑚𝑏
⋅ 𝐶𝑂𝑃𝑆𝑇) + (

𝑄𝑛𝑒𝑡 𝑎𝑚𝑏 − 𝑄𝑆𝑜𝑙

𝑄𝑛𝑒𝑡 𝑎𝑚𝑏
⋅ 𝐶𝑂𝑃𝑎𝑚𝑏) 

 

Equation 3.2.17 

Where, 𝑄𝑛𝑒𝑡 𝑎𝑚𝑏 (kWh) can be calculated using Equation 3.2.18 
 

𝑄𝑛𝑒𝑡 𝑎𝑚𝑏 =
𝑄𝑛𝑒𝑡

𝐶𝑂𝑃𝑎𝑚𝑏
 

Equation 3.2.18 

3.2.3. Output parameters 

Output of the tool is provided in terms of savings due to collector installation and simple 
payback period.  
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Savings due to collector installation: The effect of the TSAC is to reduce the heat load 
and improve the COP of the heat pump which results in less electricity consumption 

compared to the reference case. These savings 𝑆 (SEK) are evaluated on hourly basis for 

volume flow rate range �̇� using 
Equation 3.2.19 
 

𝑆 =  𝐸𝑟𝑒𝑓 − [ ∑ (
𝑄𝑛𝑒𝑡

𝐶𝑜𝑃𝑖𝑚𝑝

8760

𝑛=1

+ 𝐸𝑓) ⋅ 𝐸𝑝]

�̇�

 

 

 
Equation 3.2.19 

Flow rate corresponding to maximum saving for each hour is determined to provide an 
annual flow rate map for effective system operation. The framework of the tool is shown in 
Figure 3.2.3, which relates the relation of various parameters defined in this section. 
 

 

Payback time: The simple payback time (𝑃) in years, is defined as the ratio of additional 

savings 𝑆 (SEK) due to the collector installation and to the capital investment 𝐶 (SEK), as 
shown in Equation 3.2.20 
 

𝑃 =
𝑆

𝐶
 

 

Equation 3.2.20 

 

Figure 3.2.3 Framework of the optimisation tool methodology 
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4 Case study 
The developed tool is used to estimate the feasibility of TSAC if connected with ASHP for 
a group of residential buildings located in Sweden. The chosen building is located in Ludvika 

with geographical coordinates of 60o21′ N, 14o95′ E. The main reason to choose the location 
is due to the fact that it is a demo case site for EnergyMatching project which deals with the 
implementation of renewable building envelope solutions to maximise energy harvesting [8]. 
Therefore, the developed tool can be used for pre-feasibility check for the installation of 
TSAC on building wall. 
 

 Building features 

The chosen building is a multifamily dwelling unit made of three buildings built in 1973. The 
complex (three buildings) includes 53 apartments over 2 floors and a basement, having a lot 
size of 4488 m2. The envelope is composed by 2146 m2 of total façade area and 1750 m2 of 

pitched roof. The house design is similar to many other multi-family houses in Sweden. The 
existing heating system includes a biofuel boiler to meet SH and DHW demand. The 

building walls are insulated with effective U-value of 0.33 W/(m2⋅K). The aerial view of the 
buildings is as shown in Figure 4.1.1. 
 

 
Figure 4.1.1 Ariel view of the buildings under study 

 
 

 Thermal load of the building 

Total thermal load of the building is the sum of space heating load and domestic hot water 
load. The total load was simulated by Azad [50] using TRNSYS building simulation model. 
The model is later calibrated as part of EnergyMatching project to match the actual load 
demand of the building. The methodology involves modeling of load demand of one 
building and then extrapolation to other two buildings.  The total monthly demand of the 
building is shown in Figure 4.2.1. 
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It can be determined from Figure 4.2.1, that the SH load constitutes a major part of the total 
load in the winter period and is variable throughout the year, in comparison to fairly fixed 
DHW load. Moreover, analysis shows that the annual DHW load is only 15 % of the total 
load and 85 % is due to SH load. The monthly peak thermal demand of the building is 
85741 kWh in the month of January. 
 

 Meteorological data  

 Wind speed and ambient temperature: The monthly average ambient air 
temperature and wind speed characterizing the project location is shown in Figure 

4.3.1. The meteorological data of Borlänge with coordinates of 60o48′ N, 15o43′ E 
is used using Meteonorm.  Borlänge is the closest available weather data to the 
location of the project in TRNSYS and data for year 2014 is used for the analysis. 
 
 

 
Figure 4.3.1 Monthly average ambient temperature and wind speed. 

 
The annual average wind speed is 3.3 m/s and monthly variation is less compared 
to the annual average value. However, ambient temperature is characterized by 
significant monthly variation, and reaching to sub-zero temperatures for 5 months 
in a year. The annual average temperature of the location is 4 oC with the highest 
temperature observed in the month of July. 
 

-10

-5

0

5

10

15

20

jan feb mar apr may jun jul aug sep oct nov dec

A
m

b
in

et
 t

em
p

er
at

u
re

 (
o
C

)
w

in
d

 s
p

ee
d

 (
m

/
s)

Ambient temperature Wind speed

0

15000

30000

45000

60000

75000

90000

jan feb mar apr may jun jul aug sep oct nov dec

L
o
ad

 (
k
W

h
)

SH load DHW load

Figure 4.2.1 Monthly load demand of the building. 



25 

 Solar irradiation: The TSAC is planned to be installed on the south façade of 
building with a tilt angle of 90o. The monthly average global irradiation on the 
horizontal surface and on the collector plane, as calculated by the tool is shown in             
Figure 4.3.2. It can be analysed that, the irradiation on the collector plane is 28 % 
lower than the global horizontal irradiation. Moreover, in winters the irradiation on 
the tilted plane is more than on the horizontal plane. This is due to high declination 
of the sun during winter periods, which results in a high angle of incidence with the 
horizontal surface compared to the tilted surface. 
 

 
            Figure 4.3.2 Monthly global horizontal and tilted irradiation at 90o. 

 

 Boundary conditions for analysis 

Reference case: As the optimisation tool is designed to carry the analysis of TSAC with 
ASHP system, therefore details of existing boiler system of the building is not presented in 
this thesis. The following assumptions are made for reference case analysis and used as 
inputs for feasibility study using the developed tool 
 

1. ASHP is used as a source to meet both SH and DHW demand of the building. 
2. No secondary source is used to supplement the heat pump, and therefore the 

capacity of the ASHP is designed so that it is able to meet the demand for all days 
of the year. 

3. Heat pump operation timings are from 09:00 to 16:00 to make use of the higher 
ambient temperature during the day time, which makes the operation of heat pump 
more efficient.  

4. Heat pump is integrated with a storage tank of appropriate capacity to store the heat 
in the day time and allow the usage in the night time.  

5. No TSAC is installed on the building wall and therefore, there is no provision to 
preheat the ambient air to supplement the heat pump evaporator. 

 
Considering these assumptions, the annual electricity expenses due to the heat pump 
operation are calculated and used as a reference to evaluate the savings due to TSAC.  
 
Solar integrated case: After reference case analysis, the feasibility of TSAC is then analysed 
using the developed tool. The following boundary conditions are used for the analysis of 
solar integrated heat pump system. 
 

1. A collector area of 50 m2 is chosen for the preliminary analysis. However, the final 
selection of collector area can be decided by the customer based on the payback and 
savings. 
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2. It is assumed that collector is mounted on the southern wall of the building with a 
tilt of 90o and surface azimuth of zero. 

3. The chosen flow rate range per m2 of collector area is 20-150 m3/(h⋅m2). The range 
is chosen considering the fact that increase in collector efficiency seizes after a flow 

rate of 150 m3/(h⋅m2). Therefore, flow rate of more than 150 m3/(h⋅m2) will not 
provide any additional output from the solar system. 

4. Maximum hot air temperature from collector outlet is limited to 40 oC on the 
evaporator coil, based on the recommendation of heat pump manufacturer.  

5. An axial fan is used to transfer the hot air from solar collector to evaporator via 
mechanical ducting. The fan has a specific power consumption of 

0.06 W/(m3⋅h) [47]. 
6. The pressure drop due to the friction of ducting is not considered in the analysis. 
7. Building indoor temperature is assumed at 21 oC. In reality, the temperature can 

change based on the season for a particular location. However, the effect is negligible 
on the economic performance of the system. 

8. The thermal resistance of the collector is selected as per manufacturer 
specification [37]. 

9. The effect of shading on the collector from surrounding buildings in neglected for 
the current analysis, as it requires 3D modeling of the building and not addressed in 
the current scope of the work. 

 
Based on the above-mentioned boundary conditions, the payback and savings due to the 
installation of TSAC are evaluated and results are discussed in the next section. The summary 
of the various boundary conditions used for the analysis is shown in Table 4.4.1.  
 

Table 4.4.1 Boundary conditions used for the simulation. 

Sr No  Parameter  Value 

1 Location Ludvika, Sweden 

2 Electricity price 1.4 SEK/kWh 

3 Heat pump operation timings 09:00 to 16:00 

4 Solar collector area under 
analysis 

50 m2 

5 Collector tilt 90o 

6 Collector azimuth 0o 

7 Collector flow rate range 20-150 m3/(h⋅m2) 

8 U collector [37] 3 W/(m2⋅K) 

9 U building wall 0.33 W/(m2⋅K) 

10 Maximum hot air temperature 
limit  

40 oC 

11 Fan power consumption [47] 0.06 W/(m3⋅h) 

12 Wall loss component in SH 
load [51] 

30 % 

13 Building indoor air temp 21 oC 

14 collector cost [35] 5000 SEK/m2 
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5 Results and analysis 
The results of the simulation are presented in this section. The simulation is done with the 
developed tool based on the boundary conditions defined in section 4.4. Once all the inputs 
are entered in tool, the simulation engine starts and it takes less than 2 minutes for analysis 
to complete. The results are presented in terms of payback period, savings due to TSAC and 
various graphs for detailed component analysis. Each components of the system can be 
individually analysed using detailed results worksheet in the tool. For the purpose of easy 
understanding, a sequential procedure is followed to present the results, starting from 
reference case, collector analysis and ends with payback period. 
 

 Reference case analysis 

Existing system cost: The total monthly expenses due to consumption of electricity with 
existing heating system is shown in Figure 5.1.1. As it was described in section 4.4 that the 
current heating system incorporates an ASHP as a sole heating supplier without any backup. 
Therefore, it is assumed that all the required energy to supply SH demand and DHW 
consumption of three buildings is covered by the heat pump.  
 

 
Figure 5.1.1 Monthly electricity expenses of reference system 

 
Figure 5.1.1 depicts that the monthly expense variation is proportional to the thermal load 
demand. As it was shown in Figure 4.2.1, that the maximum thermal demand for the building 
occurs in the month of January owning to low ambient temperatures and increased space 
heating demand, therefore it can be realized that electricity expenses will also be highest for 
the same month. Summer months are characterized by low expenses, due to low thermal 
demand. Analysis show that the annual electricity expenses of the current heating system 
is 350000 SEK, assuming an electricity price of 1.4 SEK/kWh. The variability in the 
electricity price is neglected for the current analysis and therefore, is a cause of uncertainty. 
 
Heat pump COP:  As defined in the section 2.2, The heat pump COP is dependent on the 
ambient temperature of air. In reference case analysis, no solar collector is installed and 
therefore there is no provision to preheat the air. Furthermore, it can be realized that heat 
pump COP will be lower in winters due to low ambient temperature and vice versa. The 
variation in monthly average COP of the heat pump for reference case is shown in Figure 
5.1.2. Analysis show that monthly average COP of the heat pump from November to March 
is 45 % lower compared to summer months (April-September).  
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Figure 5.1.2 Monthly variation of heat pump COP 

 

 Solar-integrated case analysis 

Solar integrated case analysis: It is assumed that TSAC with collector area of 50 m2 is 
installed on the building wall. The savings from the collector are realized in following two 
modes: 
 

1. Recapture of wall heat losses: Heat lost from the original building wall is captured 
by the solar collector and recirculated back into the building. This results in decrease 
of SH load and total load on the heat pump. 
 

2. Thermal output of the collector: The incident solar irradiation on the collector is 
converted into thermal energy at a specific temperature depending on the air flow 
rate. This results in pre-heating of the ambient air, which improve the heat pump 
COP. The heat pump operating at improved COP will consume less electricity 
compare to reference case. 
 

Recaptured heat losses: TSAC act as an insulation for the building wall and therefore 
recover the heat loss which occurs if no solar collector is installed on the wall. Figure 5.2.1 
shows the variation of monthly recaptured heat loss at various flow rates. The heat losses 
from the building depends on the building wall material, insulation level, building wall 
temperature and ambient temperature. Therefore, it can be stated that, lower the U-value of 
building, lower will be the heat losses and therefore lower will be the recaptured losses by 
the collector.  
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Figure 5.2.1 Variation of recaptured heat losses 

 
As the ambient temperature is low in the winter and the heat losses from the building wall 
are high therefore, recaptured losses are also higher. On the contrary, as there is no space 
heating load in the summer and the ambient temperature is high, the recaptured losses also 
approach to zero.  It can also be realized that higher the air flow rate between TSAC and 
wall, the lower will be the wall temperature and higher will be the recaptured losses. 
 
Collector performance: The monthly collector thermal output at various flow rates is 
shown in Figure 5.2.2.  The collector output is higher in summer due to high irradiation and 
therefore more energy is available to convert into heat. Moreover, the ambient temperature 
is higher in summer and thus the convective heat losses from the collector also decrease. 
The lower heat losses from collector results in better performance. On the contrary, winters 
are characterized by low ambient temperatures and low irradiation, and thus the collector 
output is lower.  
 

 

Jan

April

July

Oct0

20

40

60

80

100

20
40

60
80

100
120

140

R
ec

ap
tu

re
d
 h

ea
t 

lo
ss

es
 (

k
W

h
)

0-20 20-40 40-60 60-80 80-100

jan

ma…

may

july

sept

nov0
500

1000
1500
2000

2500

3000

3500

4000

20
40

60
80

100

120

140

T
h
er

m
al

 o
u
tp

u
t 

(k
W

h
)

0-500 500-1000 1000-1500 1500-2000
2000-2500 2500-3000 3000-3500 3500-4000

Figure 5.2.2 Variation in collector thermal output 



30 

The annual thermal output of the collector at various flow rates is shown in Figure 5.2.3. 
Increase in flow rate leads to higher thermal output of the collector. This is because high 
flow rate reduces the collector surface temperature and heat losses, resulting in better 
collector efficiency and thermal output. The thermal output of collector is non-linear with 

flow rate and stagnates at flow rates above 100 m3/(h⋅m2) At this flow rate, collector operates 
at maximum possible efficiency and any further increase in flow rate will not result in 
additional output. 
 

 
Figure 5.2.3 Variation of collector output with flow rate 

 
Collector outlet temperature: The variation of monthly average outlet temperature with 
flow rate is shown in Figure 5.2.4. From energy balance described in section 3, it can be 
concluded that higher the mass flow rate, lower will be the increase in temperature. 
Moreover, it can be seen that for a fixed flow rate, the outlet temperature is lower in winters 
due to low irradiation and ambient temperature. It is important to note here that the 
maximum outlet temperature of air is limited by the heat pump specifications and set at 
40 oC in the current analysis. 
 

 
Figure 5.2.4 Variation of air outlet temperature 

 

0

5000

10000

15000

20000

25000

30000

35000

20 30 40 50 60 70 80 90 100 110 120 130 140 150

T
h
er

m
al

 o
u
tp

u
t 

(k
W

h
)

Flow rate [(m3/(h.m2)]

Ja
n M

ar M
ay

Ju
l S
ep N

o
v

-10

-5

0

5

10

15

20

25

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
00

1
10

1
20

1
30

1
40

1
50

O
u
tl

et
 T

em
p

er
at

u
re

 (
o
C

)

-10--5 -5-0 0-5 5-10 10-15 15-20 20-25



31 

 Optimisation results 

Due to non-linearity of collector output and recaptured losses with flow rate, operation of 
the collector at a fixed flow rate will not result in maximum savings. The optimisation tool 
evaluate the savings for each hour of the year in the defined collector flow rate range. The 
flow rate corresponding to maximum savings for each hour is determined to provide an 
annual flow rate map as shown in Figure 5.3.1 
 

 
From Figure 5.3.1, It is possible to appreciate that the suggested flow rate due to 
optimization, is lower in winters and vice versa. The flow rate for a specific hour is 
determined by multiple factors such as ambient temperature, heat load, irradiation, outlet air 
temperature, COP and recaptured losses. As the irradiation and ambient air temperature is 
lower in winter therefore optimisation suggest low flow rate to attain high outlet air 
temperature, minimize fan electricity consumption and maximise the COP. During summer, 
the irradiation and ambient temperature is high, thus suggested flow rate is higher as it can 
improve the heat pump COP by leverage of better collector output. Moreover, optimisation 
also tweaks the operation timings of the heat pump based on the irradiation and heat pump 
capacity.  The operation strategy suggested by heat pump is shown in Figure 5.3.2 
 
 

 
Figure 5.3.2 Annual operation map of the heat pump 

 
The operation strategy is aimed to limit the heat pump working hours to make use of high 
ambient temperatures during the day time. Initially, the total number of operating hours for 
a particular day is defined using irradiation and heat pump capacity. Then, the start and stop 
timings of heat pump are defined which are centered around a particular hour when ambient 
temperature is highest. From Figure 5.3.2, it can be seen that operating hour are narrowed 
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in winters as the irradiation and ambient temperature is lower. However, opposite trend can 
be seen in the summer. 
 
The optimisation of flowrate and operation timings result is higher savings compare to fix 
flow rate as shown in Figure 5.3.3. The savings due to optimisation are higher when 
compared with high flow rates. This is because high flow rate leads to high pressure drop 
and thus increased electricity expenses providing scope for more saving. 
 

 
Figure 5.3.3 Additional savings due to optimisation 

 

 Savings and payback 

The electricity expenses after TSAC installation is compared to the reference case and shown 
in Figure 5.4.1. Analysis show that installation of 50 m2 collector area results in annual 
savings of 11000 SEK.  
 

 
Figure 5.4.1 Savings due to collector installation 

Payback: From Figure 5.2.2 and Figure 4.2.1, it can be concluded that the collector output 
is higher in summer whereas, the load demand is higher in winter. Therefore, depending on 
the selected collector area, the output of the collector may be excess in summer and deficient 
in winter compare to the load demand. However, analysis shows that with selected collector 
area of 50 m2, the output is always less than the demand, but this scenario changes at higher 
collector area. Due to this reason the payback of the collector will keep on increasing with 
increase in collector area as shown in Figure 5.4.2 
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Figure 5.4.2 Variation of payback with collector area 

 
The analysis reflects that installation of 50 m2 TSAC results in 3 % savings compared to the 
reference case, with a simple payback period of 22 years. The payback is fairly constant up 
to collector area of 55 m2, after which the collector output exceeds the load demand in 
summer period. This ensues in decrease of solar heat utilization and thus increase in payback 
period. 
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6 Discussion 
From the analysis of the results applied to the residential buildings in Sweden, it can be seen 
that optimisation has a strong potential to improve the overall system performance and 
savings. The variation of flow rate and operation timings are effective techniques to 
maximise the savings. Result shows that that optimisation can result in up to 60 % additional 
savings compare to fixed flow rate. 
 
Feasibility study results in a payback period of 22 years with a collector area of 50 m2. 
However, payback shows a strong dependence on the collector area which can be seen from 
the fact that the payback period increase from 22 years to 27 years with an increase in 
collector area from 50 m2 to 160 m2 respectively.   
 
However, results have uncertainties subjected to the shading on the collectors, wind 
sheltering and data resolution which are defined in the following section. 
 

 Uncertainty analysis 

 Due to various simplifications and assumptions introduced into the tool, the analysis is 
subjected to uncertainties which can affect the final results. For the current analysis, the 
sources of the uncertainties can be categorised as: 
 

 Uncertainty due to input parameters. 

 Uncertainty in the component models. 

 Uncertainty in results. 
 
The sources of uncertainties in the input parameters are:  
  

 Thermal load: The thermal load of the building is key input parameters for the 
simulation. The load data used for the analysis is pre-simulated using TRNSYS. The 
simulation software and its computation algorithm are subjected to spontaneous 
uncertainties and can affect the final results.  
 

 Building surrounding: The shadow on collector surface and wind sheltering due to 
the surrounding of the building is neglected for the analysis. However, in reality the 
building is surrounded by trees and subjected to shading from other buildings.  
 

 Meteorological parameters: The meteorological data such as solar irradiation, wind 
speed, and ambient temperature can have interannual variation and depends on the 
local weather conditions. The variation is not considered in the analysis. 
 

 Data resolution: The analysis is carried on an hourly basis with 8760 data points for 
a year. Despite this, the parameters such as ambient temperature, wind speed and 
irradiation can vary significantly on a smaller time scale. As the collector output is 
highly sensitive to these parameters, thus hourly average data is a source of 
uncertainty for the analysis. 

 
Uncertainties in component models 
 

 Simplified collector efficiency model: The TSAC efficiency is derived using 
mathematical correlations does not consider soiling and degradation of the collector. 
Therefore, the actual collector efficiency can be lower than predicted by the model. 

 

 Simplified heat pump model: The heat pump model used for the analysis do not 
consider the variation of heat pump COP with sink temperature and part load 
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conditions. However, sink temperature and COP at part load can vary depending on 
season, load demand and user behaviour, and therefore cause uncertainty in the 
analysis. 
 

 Capital cost: The collector cost can vary highly depending on the manufacturer. 
Moreover, analysis neglects the cost associated with maintenance and other auxiliary 
equipment. 
 

Uncertainty in results  
 

 Payback: The simple payback used as an economic indicator in the tool do not 
consider the effect of the time value of money, interest rate and discount rate in the 
analysis. 

 
Despite the various simplifications introduced, the developed tool can be very useful in 
regards to the preparation of pre-feasibility studies. This is particularly true given the fact 
that tool required much less time for simulation compared to other available dynamic 
simulation tools. 
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7 Conclusion 
This thesis addressed the feasibility of TSAC integrated with ASHP in a series arrangement, 
to meet the SH and DHW demand in the building. The analysis is applied to a group of 
multi-family houses located in Ludvika. The analysis results in a payback period of 22 years 
with a collector area of 50 m2. 
 
A simulation tool was developed which provide results of the system analysis with intended 
boundary conditions. An optimisation approached was used within the tool to augment the 
savings by flow rate and operation strategy variation. The tool is developed using non-linear 
programming on Microsoft Excel platform. The basis of the optimisation are non-linearity 
of collector performance, recaptured losses with increased flow rates and due to variation in 
heat pump COP with ambient air temperature. 
 
The tool overcomes the shortcoming of various available tools such as RETscreen and 
SWift, which are not designed to evaluate the performance of solar air heating system with 
heat pump. The developed tool is designed with easy to use interface without the need of 
any special knowledge for feasibility assessment.  
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8 Future work 
The future work includes a comparison of the results with RETscreen and Swift to analyze 
the variability with existing tools.  Moreover, the tool can be further calibrated using results 
from more sophisticated, dynamic modeling and simulation tool such as TRNSYS. The 
results from the existing tool will be extended to other European locations to analyze the 
impact of various climates and load profiles on the feasibility of TSAC. Modification of the 
optimisation approach is expected as the next step in future by considering the variation of 
heat pump COP with sink temperature. 
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Appendix A  
Summary of your thesis for the examiner 
In the beginning of this thesis project, analysis was carried on a monthly basis and it was 
realized that the work is sufficient for 15 credit thesis. However, seeing the potential of the 
tool, analysis was expanded for hourly values and lack of data for few parameters was 
realized to start the simulation which somewhat breached the time limit appointed for 
simulation part of the thesis. Moreover, the results were verified by other partners from 
EnergyMatching consortium, and based on their recommendations the tool was modified 
multiple times to improve the accuracy of the results. A conference paper is prepared on the 
thesis topic which is submitted on 15th of May, and took a good amount of time to write it. 
All this left with not so much time for thesis writing, however I believe that this version of 
thesis covers the most important results along with adequate description of the 
methodology. 
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