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Abstract: The COVID-19 pandemic has catalyzed global efforts toward transitioning to a sustainable
society, driving rapid innovation in building technologies, working practices, building design, and
whole life cycle environmental impact consideration. In this pursuit, this study explores the enduring
impact of these on an alternative ventilation approach for both existing building renovations and
new building implementations. Comparing displacement ventilation to mixed-mode ventilation in
a Finnish office building with varying occupancy densities, this study examines indoor air quality
(IAQ), thermal comfort, total building energy performance, and embodied carbon. The findings reveal
that the basic case of mixed ventilation has a specified system primary energy value of 38.83 kWh/m2

(with 28 occupants) and 39.00 kWh/m2 (with 24 occupants), respectively. With the displacement
ventilation alternative, it reduces this by 0.3% and 0.1%, enhancing thermal comfort and decreasing
turbulence as well as having a marginal decrease in embodied carbon. In general, the study offers
three-fold contributions: insights into post-pandemic office mechanical ventilation design with an
emphasis on sustainability and ecological footprint considerations, a concrete case study addressing
climate action and human-centric IAQ design, and a multifaceted analysis using the Environmental,
Social, and Governance (ESG) paradigm, contributing to the groundwork for associated future
research and policy progress.

Keywords: post-pandemic scenario; displacement ventilation; climate with stratification model; life
cycle assessment; ecological footprint; healthy indoor quality; office layout design; integrative design
process; ESG analysis

1. Introduction

The response to the pandemic has influenced various aspects of our lives, including
the way we live and work. This influence has a gradual effect on office environment
development, where the implementation of office layout design and hygiene measures
have become crucial during either building renovation or new building design. However,
alongside these measures, there is a growing recognition of the significance of indoor
air quality (IAQ) in combating the transmission of viruses and enhancing overall well-
being [1–5]. Furthermore, it has the possibilities of negative impacts on staff in a working
environment, due to it adversely affecting cognitive function and productivity, leading to
decreased performance and increased absenteeism among occupants [6–8].

To ensure good IAQ in office buildings, correct mechanical ventilation system design
is more important after the lesson we learnt from the pandemic. In comparison to various
types of conventional mechanical ventilation systems, it is critical to consider the most
effective mode of ventilation for reducing the transmission of infections in the context
of a healthy working environment. In response to the ongoing pandemic, the American
Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) recently
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proposed a new standard, 241P [9], which focuses on the control of infectious aerosols in
indoor environments.

Another practical concern from engineering practices is how to maintain the goal of
minimal carbon footprint and economic cost. Understanding lifetime impacts from life
cycle assessment (LCA) is critical to achieving carbon neutrality. Even though it has gotten
popular in construction material selection, LCA is at its starting phase in the field of heating
ventilation and air conditioning (HVAC). On the contrary, it has paramount importance in
reducing the carbon emission in the supply-and-installation phase and is also influential in
the building’s operation and end-of-life phases [10–12].

Bringing these two main focuses, the use of the displacement ventilation (DV) tech-
nique is proposed as an effective alternative by flushing away the concentration of infectious
aerosols in the breathing zone of occupants. The consideration behind it is to utilize the
mechanical ventilation technique, which involves replacing the warmer, polluted air at the
floor level with cooler, cleaner air supplied at a low velocity from the ceiling level. This
can lead to a ventilation system that is more effective and efficient, improving IAQ and
lowering the risk of illness. Along with the potential improvements to IAQ, it may also
provide opportunities for sustainability through reduced energy use and embodied carbon.

The purpose of this work is to undertake a feasibility study for an office space ventila-
tion system, paying close attention to the type of air distribution whether it can improve
a healthier working environment. The emphasis includes essential variables like thermal
comfort indicators, heating/cooling loads, operational energy consumptions, and embod-
ied carbon values, as opposed to how well it performs with the conventional mixing-mode
ventilation during the supply-and-installation and operation phases. The main objectives
of this study include the following:

(1) Provide schematic carbon design options with two occupancy densities and two
mechanical ventilation approaches’ comparison in a landscape office setting.

(2) Evaluate the overall effectiveness of the two mechanical ventilation approaches re-
garding energy consumption, and indoor environment performance using the IDA
ICE Climate stratification model, and embodied carbon calculation using regional
generic data using the One-click LCA tool.

(3) From a mechanical system design point of view, it discusses the collaboration opportu-
nity among researchers, mechanical engineers, and architects in addressing whole-life
carbon (WLC).

This article aims to introduce novel dimensions to the topic on IAQ and sustainability
in post-pandemic office settings with two novelties. Firstly, an exploration of the impact
of varying working densities on the effectiveness of ventilation strategies, and secondly, a
comprehensive comparative analysis on two studied ventilation strategies. The findings
are expected to contribute valuable perspectives that extend beyond immediate feasibility
concerns, encouraging critical thinking on complex dynamics impacting the environmen-
tally friendly design of ventilation systems in modern office buildings toward the 2030
carbon neutral goals.

2. General Pictures from Bibliometric Analysis

In the context of our study, we conducted a bibliometric analysis to provide a compre-
hensive overview of the existing literature related to sustainability within the construction
industry, particularly focusing on the indoor built environment. Nowadays, sustainability
within the construction industry has been given more missions [13], not only negative
impact mitigation, but also environmental, economic, and social aspect coherence in both
short- and long-term periods. Other than the negative long-term setbacks caused by the
pandemic crisis, Economic Co-operation and Development (OECE) addressed that a re-
covery must have climate action and human-centric health design as an imperative focus,
especially in the public areas [14].

The bibliometric analysis in this study utilized the Web of Science and Scopus databases,
which are the 2010s’ historical proprietary infrastructures for citation data, and were se-
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lected to gain a general picture firstly, while the starting searching strings can be found in
Table 1. By employing statistical methods, this exploration served as a foundational step in
our study, helping us:

• Identify specific research questions and gaps in the existing literature.
• Define inclusion and exclusion criteria for our study.
• Guide our evidence search by identifying key keywords and trends.

Table 1. Searching strings in two main databases.

Year Database Search Strings

2019–2023

Scopus
(All Fields)

Keyword no. 1: COVID/COVID19/COVID 19/covid
Keyword no. 2: healthy/ieq/built & environment/
indoor AND air & qualityWeb of

Science
(All Fields)

Keyword no. 3: public & space/building
Searching period: “>2017” and “<2023”

There is a total of 5536 articles found from Web of Science, while 531 filled in the
building scope. The main research clusters illustrated in Figure 1 are “mental health”,
“education behavior”, “Indoor Air Quality (IAQ) control”, and “medical measure”. In
addition, there is a total of 478 articles found from Scopus, while 153 filled in the indoor
built environment scope. The main research clusters illustrated in Figure 2 are “mind
movement”, “building design”, “Optimization of HVAC, BMS and IAQ” and “monitoring
IAQ thresholds”.
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2.1. Learned Lessons from the Aspect of Micro-Climate-Associated Control Post Pandemic Era

Megahed et al. holistically reviewed possible challenges and solutions in the field of
an antivirus-built environment. The mentioned possible opportunities to reset and reshape
the built environment are from both the natura aspect and advanced technology aspect. In
the scope of the advanced technology aspect, some possible solutions are discussed over
modular construction, lightweight and adaptable structures, hygienic building materials,
artificial intelligence, and touchless technologies [15]. Morawaska et al. believed the
existing evidence was strong enough to warrant engineering controls targeting airborne
transmission as part of a comprehensive strategy to reduce infection risk indoors [2]. The
key ventilation-associated recommendations are through (1) addressing the effectiveness of
engineering controls in ventilation operating; (2) increasing the existing ventilation rates
and ventilation effectiveness; (3) eliminating any air recirculation within the ventilation
system; (4) supplementing existing ventilation with portable air cleaners; and (5) avoiding
over-crowding [2]. Another review paper systematically scrutinized the relativity of air
quality and COVID-19 and IAQ improvising techniques. It is believed that employing
preventive measures between air pollutants and COVID-19 contagions can kill two birds
with one stone [16]. Furthermore, Elsaid et al. revealed insight into the design of existing
combined air conditioners on their suitability and their impact on the spread of the hybrid
coronavirus epidemic and reviewed efforts in obtaining a highly efficient air filter to get rid
of super-sized particles for protection against epidemic infection [17].

2.2. Learned Lessons from the Aspect of Simulation and Modeling

In the study of Guo et al. [18], a quantitative human, behavior-based, infection risk-
energy consumption model for different indoor environments was developed. An optimal
balance point for each indoor environment was finally obtained using the anti-problem
method [18]. Niu et al. investigated a new operation and maintenance method for fresh
air systems that was proposed for regular epidemic prevention and control to ensure
the normal operation of the office building and the health of indoor personnel [19]. Dai
and Zhao developed a novelty research method involving predictive equation regression,
similarity analysis, CFD approach, and multiple linear regression (MLR) approach. The
proposed comprehensive model aimed to estimate the airborne infection risk of COVID-19
so that timely guidelines can be offered for precautions against the prolonged COVID-19
pandemic and common infectious respiratory diseases [20]. Another study reasonably
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introduced two new indices, the distance index Pd and the ventilation index Ez. The
associated projections illustrated that (1) increasing social distance can significantly reduce
the infection rate (20–40%) during the first 30 min even under current ventilation practices;
(2) the minimum ventilation or fresh air requirement should vary with the distancing
condition, exposure time, and effectiveness of air distribution systems [21]. Following
this way, Faulkner et al. raised new metrics to evaluate improvement in IAQ relative
to costs/emissions. Using dynamic building simulation, the trade-offs’ comparisons in
a medium office building system model in different climates in USA were accounted
for regarding four different operation strategies among IAQ, financial costs, and CO2
emissions [22].

2.3. Learned Lessons from the Aspect of Measurement and Monitoring

Wargocki et al. observed the relations between the outdoor air supply and the per-
ceived air quality sick building syndrome (SBS) symptoms and productivity in an office.
The results showed the benefits for health, comfort, and productivity of ventilation at
rates well above the minimum levels prescribed in existing standards and guidelines [23].
Similarly, a larger-scale questionnaire survey and environment measurements were con-
ducted with 916 workers in 22 offices across 2 weeks in November–December in Japan by
Umishio et al. [24]. Rozman et al. developed a multidimensional model using a closed-type
questionnaire with four constructs (occupational stress, job satisfaction, work engagement,
and work productivity among employees) and analyzed the differences in the strength of
their effects on the model across two intersectional times: before the pandemic and during
the pandemic [25]. Using the same research method, Ortiz et al. clustered office workers
working at home based on their self-reported preferences for IEQ and psychosocial comfort
so as to identify these preferences and needs during the pandemic. The resulting clusters
within IEQ were variables about sounds and smells, the presence of windows, localized
temperature, and building systems, while within psychosocial preferences, differing vari-
ables were about the personalization of the place, the ergonomics and hygiene, and the size
of the space [26].

Alonso et al. carried out a group of on-site air measurements and further predictions
with these predictor variables in 21 offices in Norway. Their findings suggested that RH
and air temperature significantly predict formaldehyde, TVOC, and CO2 indoor concen-
tration due to the changes in ventilation [27]. Meanwhile, controlling the concentration
of CO2 may not be sufficient to provide for healthy indoor air quality as occurrences of
high TVOC or formaldehyde happen simultaneously with concentrations of CO2 below
1000 ppm [14]. Yüksel et al. studied the effect of pandemic measures such as restriction of
access to mosques, reduced occupancy, opening windows, and restricted use of mechanical
ventilation and air conditioning on energy consumption, thermal comfort, and IAQ [28]. It
showed that it is difficult to create excellent conditions without air conditioning, even with
open windows and night working activity in Turkey [28]. Similarly, another study focused
on both indoor and outdoor environments using VOCs and semi-VOCs [29]. Through
monitoring campaigns to determine the presence of the target compounds in the gas phase
of indoor and outdoor environments that were conducted between April and June 2021,
Ninya et al. pointed out the cleaning products and hydroalcoholic gel used against the
pandemic were the main solvent source for the indoor environment [29]. Rozman et al.
developed a multidimensional model for older employees with the research purposes of
determining its impact on their work engagement during the pandemic era. Statistically
analyzing from the structural equation modelling, the results showed that workplace health
promotion, entrepreneurial working conditions, and leadership lead to better well-being of
older employees, giving us a new angle from the Environmental, Social, and Governance
(ESG) point of view [30].
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2.4. Learned Lessons from the Aspect of Sustainability in MEP

Along the close step toward the carbon reduction goal in 2030 in the EU, embodied
carbon gets more and more significant concerns in the construction industry, and there are
Prosperity studies around the embodied carbon impact of architectural building materi-
als [31–34]. However, the building service system/MEP was seldom covered, due to the
lack of embodied carbon data and the complexity of system configuration [35]. And the
detection of existing research coverage relevant to studies on both indoor environmental
optimization and embodied carbon design comparisons is a challenging problem. With the
launch of the MEP 2040 Challenge in 2021, the general situation gets better with growing
leaders from MEP manufacturers responding to the challenge and collectively establishing
a commitment of net zero carbon in their projects: operational carbon by 2030 and embod-
ied carbon by 2040 [36]. Meanwhile, CIBSE launched two applicable methodologies for the
calculation of embodied carbon in building service engineering nationally and internally in
2021 and 2022, respectively [35,37]. In accordance with the authors’ latest study of environ-
mental product declaration (EPD) using one of the most prevalent life cycle assessment
(LCA) tools, One click LCA, the EPD inventories have made significant progress specially
in the fields of mechanical, electrical, and public health (MEP), heating ventilation and air
conditioning (HVAC), and building service technology, which are growing. It has grown
from 19 MEP manufacturers in 2021 [35] to 192 manufactures by the end of October, 2023.
From the diagram in Figure 3, authors briefly checked environmental performance within
the six associated reference groups. The present indices of both the average and median
only consider manufacturing impacts without local compensation in the benchmarking.
The progress can be further found with great contributions from four main involved EPD
program operators: IBU from Germany, I-EPD, International, PEP ecopassport from France,
and UL Environment from USA.
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From another aspect, relevant policies and standards additionally show the upcoming
further involvement requirement of HVAC, MEP, and building services in Denmark, Ger-
many, Finland, Sweden, Norway, the United Kingdom, the Netherlands, and international
sustainability rating schemes such as BREEAM and LEED from 2023 gradually [38,39].

According to the LETI study, MEP services account for 15% of the total carbon con-
tained in new commercial offices in the UK, while ongoing maintenance and replacement
account for 45%. Construction, maintenance, and replacement comprise two-thirds of a
building’s lifespan carbon as they grow more energy efficient [40]. As a result, when it
comes to research direction, authors believe that it is the right time for researchers, mechani-
cal engineers, and architects to collaborate on measures to address whole-life carbon (WLC)
at the building level, which addresses the carbon issue raised by the MEP and HVAC
systems’ significant weight, metal material dominance, and high replacement frequency.
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3. Materials and Methods

This study takes a stand-alone office building as a reference case to explore the feasi-
bility of the displacement ventilation approach from the aspects of indoor air quality (IAQ),
thermal comfort, overall building energy performance, and embodied carbon.

3.1. General Reference Case Description

In the initial phase, the investigated reference office is a stand-alone one-floor building
with a total floor area of 225 square meters in Helsinki, Finland. The original total occupant
number is 28 with a sitting distance of 1.5 m. The whole working environment is condi-
tioned with floor-mounted water radiators and ceiling-installed chill beams. Meanwhile,
mechanical ventilation is traditional mixing-mode ventilation with a fresh airflow supply
of 7.5 L/s per person so as to satisfy the minimum requirement of air exchange, the Finnish
Work Environment Authorities regulation.

To assess indoor air quality (IAQ), thermal comfort, overall building energy perfor-
mance, and embodied carbon feasibility, we utilized the simulation tool IDA ICE. It is a
commercial building simulation tool renowned for its comprehensiveness and proficiency
in designing and optimizing HVAC systems, evaluating energy efficiency measures, and
gauging the environmental impact of buildings. It adheres to international standards such
as ISO 13790 and ISO 52016, ensuring consistency and reliability in its evaluations [41].
This tool functions as a comprehensive and sturdy simulation platform [41].

The simulation methodology in this study involves a sequential process as follows:

• Conduct both heating and cooling load calculations using simplified design day data
specific to Helsinki, Finland, within the IDA ICE energy model.

• Formulate a schematic design for the mechanical ventilation system in MagicCAD
based on the outcomes of the heating and cooling load calculations.

• Reintegrate the schematic design parameters linked to the mechanical ventilation
system back into the IDA ICE climate stratification model.

• Execute an annual energy simulation to assess the holistic performance of the building
environment and analyze energy consumption patterns.

• Export both the bill of construction materials and energy-related outcomes to One
click LCA for comprehensive life cycle assessment.

To be mentioned is the newly developed climate stratification from EQUA that is used
to carry out comprehensive investigation on the performance of the building environment,
including the following [41]:

(1) The discretized zone divided into horizontal layers, followed by the numerically
solved balancing equations for the flow of multiple quantities across the layers.

(2) This 1D vertical finite difference model includes more thoroughly researched features,
such as jets, plumes, and wall currents—explicit disturbances.

(3) Walton’s view factor technique is used to account for non-convex geometry and
obstacles, improving the prediction of longwave radiation between walls.

3.2. Office Layout Considerations

The COVID-19 pandemic has had a significant impact on office density. Many em-
ployees and employers are reconsidering the use of office space [42–45]. There is a shift
in workspace design, with more employers rapidly changing how they respond to health
risks [44], while other factors, advances in technology, shifting demographics, and novel
work structures, etc., all make architects alter their designs correspondingly. From an
architectural point of view, this study considers two working densities with occupants’
social distance from 2 m to 1.5 m, which yielded outcomes of 24 (each occupant density per
9.38 m2, marked with case (a)) and 28 (each occupant density per 8.04 m2, marked with
case (b)) individuals accordingly. Appropriately, the building model has been designed to
accommodate two distinct occupant scenarios with corresponding office furniture layout
changes (green boxes) in IDA ICE, as depicted in Figure 4.
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3.3. Proposed Mechanical Ventilation Approach in Office Context

In a typical office building in the Nordic country, it is conventional to have a mixing
ventilation configuration, which has both supply and return air terminals installed on the
ceiling level, depicted in Figure 5. However, the coanda effect would increase the risk of
infection spreading due to turbulent airflow, potentially picking up infected droplets at
different altitudes. To improve the ascension of the return air stemming from its inherent
characteristic of low density, the method of the displacement of supply air at a low velocity
near the floor level (later referred to as displacement ventilation) is proposed. The supply
of air from the air terminal placed at the ceiling level with the lowest possible air velocity is
then collected and extracted from the exhaust air terminal at the closest possible location to
the floor back to the ventilation air handling unit. In contrast to a traditional mixed-mode
system, the expectations of displacement ventilation implementation are to maintain a
clear segregation between fresh, uncontaminated air and exhaust air that has been polluted,
depicted in Figure 6. Therefore, a few factors like the velocity and temperature of air and
the placement of the supply and return air terminals are taken into consideration during
the investigation with the IDA ICE climate stratification model [46], which processes the
fidelity of the stratified zonal model that takes extra consideration of jets from mechanical
ventilation terminals, and plumes arise from internal heat sources and wall currents of both
wall attachment and dispatchment. In addition, the latest measuring volume instead of the
1D model and flow elements can contribute to better understanding the air distribution in
a landscape office environment.

Because the study concerns more than IAQ, thermal comfort, and annual energy
performance, the central constituents of the system shall constitute a fully equipped air
handling unit that comprises fans, pre-filters, fine filters, a cooling coil, heating coils, and
an energy recovery mechanism. Additionally, the system features supply and return air
ducts with insulation complemented by diffusers and associated sound attenuators for the
purpose of embodied carbon calculation.
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3.4. Feasibility Studies

When considering the implementation of the displacement ventilation approach com-
pared to the conventional mixing ventilation approach in improving indoor environmental
quality and sustainability in an office context, a feasibility study is regarded as necessary
in identifying

(1) Associated indoor air quality and thermal comfort impacts in terms of CO2 con-
tents, operative temperature, air velocity, PMV and PPD, and draught percentage of
the dissatisfied.

(2) Associated energy efficiency performance, and its possible impact on sustainability.

3.4.1. Overall Building Performance Study

IDA ICE 5 was used to create simulation models for typical summer and winter
conditions, encompassing the respective periods of 1 July to 31 July and 1 February to
28 February, respectively, to examine the associated indoor air quality and thermal comfort
consequences with 8 cases in total.

The component selection of the mechanical ventilation system was based on the
calculation in Table 2, which considers the heat from light fixtures, electrical equipment
(computers), outdoor air, and number of occupants. In addition, the default landscape office
model fidelity settings were employed to ascertain the cooling and heating requirements
for the designated landscape office setting with fixed design parameters: (1) supply airflow
rate: 7.5 L/s/person; (2) supply air setpoint temperature: 18/20 ◦C (using summer/winter
schedules); (3) room setpoint temperature: 21/24 ◦C; (4) target occupied zone achieving
at least thermal comfort level II (according to SS-EN16798-1 [47]); (5) maximum occupied
zone air velocity of 0.15 m/s.

Table 2. Summary of inputs for zone energy and ventilation calculation.

Case No. 1a 1b 2a 2b

Area (m2) 226 226 226 226

No. of occupants a 24 28 24 28

Lighting load 10 Watt/m2 b Watts 2260 2260 2260 2260

Equipment load 75 Watt/person b Watts 1800 2100 1800 2100

Fresh air 7.5 L/s per person b L/s 180 210 180 210

Supply diffusers
No. of diffusers 9 9 9 9

Airflow/diffuser L/s 20 23 20 23

Specific supply airflow rate L/s per m2 0.8 0.93 0.8 0.93

Return diffusers
No. of diffusers 8 8 8 8

Airflow/diffuser L/s 23 26 23 26

All diffusers K factor 17.6 17.6 17.6 17.6

Calculated heating load kW 8.322 8.764 8.322 8.764

Radiator Selected Watts 5 × 1800 5 × 1800 5 × 1800 5 × 1800

Calculated cooling load kW 2.377 2.5 2.377 2.5

Chilled beam Selected Watts 3 × 800 3 × 830 3 × 800 3 × 830

Note: a Assumptions of occupant are 1.0 MET (corresponding to 58.2 W per m2 body surface), constant 0.85 ± 0.25
CLO (1 clo. equals a heating resistance of 0.155 m2 K/W); b input assumptions are made in accordance with
SVEBY, Brukarindata bostäder, 2012.

The study uses the ideal heater and ideal cooler as the base case when calculating the
heating and cooling load, using district heating as the energy carrier and electrical cooling
(with an assumed COP of 3). The floor-mounted radiators and the chilled beams erected in
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the ceiling are later replaced as actual zone components in more precise placements. As
depicted in Figures 5 and 6, the climate model explicitly includes both the occupants and
these zone components. Accordingly, supply air and return air terminals are positioned
based on the coverage area of chosen diffusers in accordance with the air volumes, chilled
beam, and luminaire.

3.4.2. Embodied Carbon Calculation of Mechanical Ventilation System

Life cycle assessments (LCAs) are widely adopted across the building industry to
assess the environmental impact of buildings. With the launch of SS-EN15978:2011 [48]
in 2011 by the European Committee for Standardisation (CEN), it attracts great attention
to evaluate the environmental sustainability of buildings particularly in terms of the em-
bodied energy of buildings. Other than the relatively simple building structure and fabric,
the built environment is always a more complex and dynamic system that significantly
impacts energy consumption and occupants’ comfort and health. Building services repre-
sent a significant proportion of the materials used in a building. Typical central plants and
building service equipment use a high proportion of steel, aluminum, plastics, and copper
in their construction and use rare earth elements for key components such as permanent
magnets in motors and phosphors for lamps [49]. Along with more further involvement
requirements of HVAC, MEP, and building services in national policies and standards in
Denmark, Germany, Finland, Sweden, Norway, the United Kingdom, the Netherlands, and
international sustainability rating schemes such as BREEAM and LEED from 2023 [38,39],
it is necessary to include building services/MEP design as a part of the whole-life-carbon
building design process to inform best practices in early project stages. This studied build-
ing element group is only the mechanical ventilation system following the methodological
framework in EN15978:2011. The covered system boundary for the studied mechanical
ventilation system is WLC (cradle to grave), including the product stage, construction stage,
in-use stage, and end-of-life stage. Regarding the temporal boundary for the assessment,
the reference study period (RSP) is 50 years, which can make a significant but ambiguous
difference in comparisons within Swedish reporting [39].

The raw material in this part constitutes three main parts. The first part is the bills
of material that are specified in schematic system designs (from mechanical engineer’s
drawing carried out with Magicad). Another part is the global warming potential of specific
materials, which is taken as a reference from the building technology input category inside
One click LCA. The assumed selection rules are (1) the closest technical performance; (2) the
nearest manufacturing location. The last part is the associated operational energy simulated
from IDA ICE, which also takes into account the carbon factor of both district heating and
electricity that is from the latest Finland average value in 2021.

4. Results and Discussion
4.1. Overall Performance Results

Table 2 provides a comprehensive overview of the simulated results in three principal
aspects from the energy model, in which the case of 1b is regarded as the base case. From
the aspect of system energy, it breaks down into the waterborne heating/cooling energy and
the airborne heating/cooling energy. Case 2b shows total primary energy savings of 0.25%
compared to the base case, which mainly comes from the waterborne heating/cooling
energy. There is a similar situation when comparing the cases with 24 total occupants. Due
to less useful heat gains from occupants and the weighting factors, there is only around
0.4% of the waterborne heating/cooling energy saving (in Case 2a) compared to that in
Case 1a.

From the aspect of thermal comfort (EN16798-1 with cooling), the main changes caused
by two ventilation approaches are the difference in comfort hours in both thermal comfort
category I (−3 h/+3 h) and II (−22 h/−7 h) to category III in the occupant scenarios of 28
and 24, respectively. With the aspect of IAQ, there are two studied metrics. Duration is the
total occupied working hours when the mean air age of the space is above 2h, which means
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the air change rate is below 0.5 ACH, while the CO2 is the total carbon dioxide fraction
in the space. From Table 3, it is hard to identify the changes between the two ventilation
approaches. Only occupant number has slight impacts on both duration and CO2 content
because the designated supply/return airflow rates are dependent on the occupant number.

Table 3. Summary of overall performance results.

Case No. 1a 1 1b 2 2a 3 2b 4

System Energy
(kWh)

Zone heating 15,597.4 15,207.5 15,580.7 15,164.0

Zone cooling 35.5 41.1 35.4 41.0

AHU heating 1035.7 1199.5 1035.7 1199.8

AHU cooling 345.9 402.5 346.1 402.6

Cooling 381.4 443.6 381.5 443.6

Primary energy of cooling 5 457.7 532.3 457.8 532.3

Heating 16,633.1 16,407.0 16,616.4 16,363.8

Primary energy of heating 6 8316.6 8203.5 8308.2 8181.9

Thermal
comfort

EN16798-1 (h)

I, high 541.0 598.0 544.0 595.0

II, medium 1697.0 1790.0 1690.0 1768.0

III, moderate 2004.0 2005.0 2004.0 2005.0

IV, low 2008.0 2008.0 2008.0 2008.0

IAQ
Duration 7, h 622.0 475.0 622.0 475.0

CO2, ppm 528.1 519.7 528.1 519.7

Note—1: Mixed ventilation with 24 occupants; 2: Mixed ventilation with 28 occupants; 3: Displacement ventilation
with 24 occupants; 4: Displacement ventilation with 28 occupants; 5: Weight factor of electricity is 1.2; 6: Weight
factor of district heating is 0.5; 7: Duration of the occupied working time when the air age is above 2 h.

4.2. Performance on Specific Positions

Thermal comfort performance depends on several variables and a comprehensive
thermal comfort study requires more information about the simultaneous magnitude of
these quantities, which is hardly predicted with a well-mixed zone model. In order to
detect the pitfalls of thermal performance between two mechanical ventilation approaches,
a follow-up study has been carried out using the climate with stratification zone model in
IDA ICE [50]. Compared to its traditional alternative, a computational fluid dynamic (CFD)
study, it has less limitations on exorbitant computational time and required appropriate
turbulence models. Moreover, it offers a series of time predictions satisfying the longer
period thermal comfort evaluation requirements. Accordingly, three representative occu-
pant positions, “close to window”, “central”, and “backend”, were selected for detailed
observation over air temperature, PPD, PMV, and CO2 fraction (highlighted occupant
positions in Figure 7).

In the same settings as the mixed ventilation strategy, Table 4 shows that the displace-
ment ventilation approach generally has a relatively cooler performance in the 24-occupant
scenario and warmer performance in the 28-occupant scenario. In terms of specific occupant
thermal perception, values reveal identical thermal comfort outcomes in both Predicted
Percentage Dissatisfied (PPD) at 6% and Predicted Mean Vote (PMV) at 0.2 during the
summer, which falls under thermal comfort category I [51].
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Table 4. Thermal comfort variables of representative occupants in a landscape office setting.

1a 1b 2a 2b

Air tem.
(◦C)

sum. 1 m 23.8 23.8 23.8 23.9
2.5 m 24.1 24.1 24.0 24.2

win.
1 m 21.2 21.2 21.2 21.2

2.5 m 21.4 21.4 21.4 21.5

PPD (%)

sum.
Occ. 1 5.5 5.3 2.8 5.4

Occ. 15 5.2 5.4 2.6 5.2
Occ. 24/28 5.1 5.3 2.7 5.2

win.
Occ. 1 7.2 2.8 2.8 8.0

Occ. 15 6.6 2.6 2.6 7.7
Occ. 24/28 7.0 2.7 2.7 7.6

PMV
(10−1)

sum.
Occ. 1 −0.2 −0.2 0.1 −0.2

Occ. 15 −0.2 −0.2 0.1 −0.2
Occ. 24/28 −0.2 −0.2 0.1 −0.2

win.
Occ. 1 −0.3 0.1 0.1 −0.4

Occ. 15 −0.3 0.1 0.1 −0.3
Occ. 24/28 −0.3 0.1 0.1 −0.3

CO2 fra.
(PPD)

sum. 1 m 937 93 914 915
2.5 m 952 948 926 930

win.
1 m 938 938 917 917

2.5 m 947 945 925 928

However, the main challenge of thermal dissatisfaction occurs during the wintertime in
all studied cases. In the 24-occupant scenario, the occupants that sit under the displacement
ventilation have higher PPD values. As the occupant number increases, so do the overall
supply airflow rates in the office, which worsens PPD values in Case 1b, but improves PPD
values in Case 2b. Because the heating/cooling design parameters are identical in both
cases, the only changing factors are the air temperature and air velocity induced by the two
ventilation approaches. Furthermore, the zoomed-in pictures in Figures 8 and 9 indicate
that different airflow patterns are the primary cause of draughts and temperature gradients.
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Figure 8 presents the common challenge in all cases during the heating season that
is the air stagnant zone at the operative temperature of 20 ◦C. More occupants would
worsen the problem by increasing the temperature stratification between the head position
and the foot position in the conventional ventilation mode, particularly in Cases 1a and
1b. However, the cases with displacement ventilation exhibit more uniform operative
temperature airflow patterns. With the same operative temperature of 20 ◦C, Case 2a
features inverted-cone-shaped airflow patterns that are comparable to those in Case 1a but
have a warmer temperature layer deeper at the foot level. And the ventilation system in
Case 2b successfully pushes down the air stagnant zone to the chair height around 0.55 m.

Figure 9 depicts the air velocity distribution with the threshold of 0.2 m/s, which
belongs to the unnoticeable light airspeed range. Case 2a offers occupants with a greater
radius of supply air cylinders, which is the reason for greater PPD values in Table 3. From a
healthy ventilation point of view, it does help in pushing away particles from surfaces and
respiratory systems compared to Case 1a. Because of the side return air terminals that were
installed at the height of 0.4 m on the side walls in the displacement ventilation approach, it
makes the air velocity distribution under each supply air terminal transform from a cylinder
shape in Case 1b to a shorter spindle shape in Case 2b. When checking the airspeed pattern
at the desk height (0.9 m) in Figure 10, the cases with displacement ventilation present
more evenly distributed airspeed of 0.2 m/s than those in both Case 1a and Case 1b. The
bottom height of the air velocity distributions in Case 1b ends at the height of 0.09 m, while
it is 0.63m for those in Case 2b. The further infers three issues: (1) unnecessary energy
inefficient ventilation below the chair height; (2) unwelcome turbulence near the floor level,
which can mix up dust, debris, and other particles on the floor; and (3) uneven distributed
flush-away air velocity in the breathing zone of occupants.
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Finally, regarding IAQ, Table 3 gives further basic information of CO2 contents mea-
sured at two different height levels. Similar to Table 2’s results, there is not an obvious
distinction between CO2 contents in two ventilation approaches, although increasing
supply and return airflow directly lowers CO2 contents a bit.

4.3. Embodied Carbon Results

In the context of mechanical ventilation LCAs, the studied system boundary constitutes
the product stage, the construction stage, the operational stage, and the end-of-life stage.
By importing both materials from the mechanical ventilation system installation and the
associated operational energy consumption (annual energy simulation results from IDA
ICE) into one click LCA, Table 5 provides a concise overview of their whole-life-carbon
performance in terms of material and energy usage. To be mentioned are the selected
materials from mechanical ventilation system installation that all follow the localization
rule from its environmental performance declaration database, which is based in or close to
Finland. The present findings indicate a marked reduction in GWP results of 1.42% with
the utilization of displacement ventilation technology in Case 2a, while a marginal decrease
of 0.91% is ascertained in Case 2b.

Table 5. Global Warming Potential (GWP) results for studied cases with regard to whole life cycle.

Case Embodied Carbon Components Description Unit Qty Amount
(kg/kWh)

Embedded
Carbon Savings

(kg-CO2)

1a

Conventional Mixed-Mode
Ventilation System

Ductwork, D: 315 mm m2 46 723.73

−1122.00

Insulation for ducts m2 48 299.73

Supply air terminals No. 9 33.30

Return air terminals No. 8 29.60

Associated System
Energy

Heating energy kWh 16,633.10

Cooling energy kWh 381.40

Total GWP (kg CO2e) 172,696 −0.65%

1b

Conventional Mixed-Mode
Ventilation System

Ductwork m2 46 723.73

Baseline

Insulations for ducts m2 48 299.73

Supply air terminals No. 9 33.30

Return air terminals No. 8 29.60

Associated System
Energy

Heating energy kWh 16,407.00

Cooling energy kWh 443.60

Total GWP (kg CO2e) 173,818
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Table 5. Cont.

Case Embodied Carbon Components Description Unit Qty Amount
(kg/kWh)

Embedded
Carbon Savings

(kg-CO2)

2a

Displacement Ventilation
System

Ductwork m2 51.5 810.27

−2471.00

Insulations for ducts m2 53 330.96

Supply air terminals No. 9 33.30

Return air terminals No. 8 29.60

Associated System
Energy

Heating energy kWh 16,616.40

Cooling energy kWh 381.50

Total GWP (kg CO2e) 171,347 −1.42%

2b

Displacement Ventilation

Ductwork m2 51.5 810.27

−1587.00

Insulations for ducts m2 53 330.96

Supply air terminals No. 9 33.30

Return air terminals No. 8 29.60

Associated System
Energy

Heating energy kWh 16,363.80

Cooling energy kWh 443.60

Total GWP (kg CO2e) 172,231 −0.91%

Although the major GWP results are saved in the operational stage, potential carbon
savings exist from ductworks if using the building fabric (e.g., pressured floor voids, ceiling
voids, and atria) in place of supply or extract ductwork [49]. From a breakdown analysis of
the used materials in the mechanical ventilation system installation in Table 6, there are
slight differences in the list of materials in studied cases that Cases 1a and 1b share the same
material list as Cases 2a and 2b do. The possible reasons are as follows: (1) lacking resource
effective integration of the ductwork at the early stages; (2) the use of empirical safety fac-
tors [52,53], which is frequently taken into account during the design of HVAC systems. It
helps to permit less variance in the use of materials and greater acceptance of modifications
to the design scenario. However, diverse ventilation approaches have different material
demands, especially in ducting materials and associated insulation materials.

Table 6. Comparative analysis of the materials used in mechanical ventilation systems with regard to
upfront carbon.

Case Materials Quantity GPW 1 Comment Transportation
(km)

Service
Life (yr) EOL

1a/1b

Ventilation ducting, per m linear, D:
315 mm 723.70 kg 37.82 Galvanized

steel sheet 70.00 2 25 5

Air diffuser unit with active supply 61.40 kg 6.81 Supply air 70.00 2 25 5

Circular duct fan R-315 1.00 un. 16.5 70.00 2 25 5

Circular airflow damper 2.00 kg 4.43 70.00 2 25 5

Rooftop exhaust fan, max flowrate:
1000 m3/h 1.00 un. 169.23 70.00 2 25 5

Hot-dip galvanized steel sheets,
thickness range: 0.4–3.0 mm 1.52 m2 × 0.5 mm 2.78

Duct size of
160 mm to

250 mm
110.00 3 50 6

Hot-dip galvanized steel sheets,
thickness range: 0.4–3.0 mm 0.78 m2 × 0.55 mm 2.78 Duct size of

315 mm 110.00 3 50 6
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Table 6. Cont.

Case Materials Quantity GPW 1 Comment Transportation
(km)

Service
Life (yr) EOL

1a/1b

Glass wool insulation,
aluminum-faced, L = 0.036 W/mK,

R = 1.389 m2 K/W, 50 mm,
1.849 kg/m2 (1.716 kg of

wool + 0.133 kg of aluminum)

56.00 m2 3.1 Duct
insulation 70.00 2 50 7

Ventilation exhaust box, single flow,
6.25 kg/unit, 250 m3/h 1.00 un. 34.29 Return air 70.00 2 25 5

Square ceiling diffuser, Ø125–400,
3.79 kg/unit 17.00 un. 18.4

Both
supply and

return
70.00 2 25 5

Rock wool insulation for HVAC
pipe sections and bends, unfaced,
L = 0.033 W/mK, R = 1 m2 K/W,

33 mm, 1 kg/m2, 30.3 kg/m3

48 m2 × 40 mm 1.34 70.00 4 50 7

2a/2b

Ventilation ducting, per m linear, D:
315 mm 810.30 kg 37.82 Galvanized

steel sheet 70.00 2 25 5

Air diffuser unit with active supply 61.40 kg 6.81 Supply air 70.00 2 25 5

Circular duct fan R-315 1.00 un. 16.5 70.00 2 25 5

Circular airflow damper 2.00 kg 4.43 70.00 2 25 5

Rooftop exhaust fan, max flowrate:
1000 m3/h 1.00 un. 169.23 70.00 2 25 5

Hot-dip galvanized steel sheets,
thickness range: 0.4–3.0 mm 1.52 m2 × 0.5 mm 2.78

Duct size of
160 mm to

250 mm
110.00 3 50 6

Hot-dip galvanized steel sheets,
thickness range: 0.4–3.0 mm 0.78 m2 × 0.55 mm 2.78 Duct size of

315 mm 110.00 3 50 6

Glass wool insulation,
aluminum-faced, L = 0.036 W/mK,

R = 1.389 m2 K/W, 50 mm,
1.849 kg/m2 (1.716 kg of

wool + 0.133 kg of aluminum)

56.00 m2 3.1 Duct
insulation 70.00 4 50 7

Ventilation exhaust box, single flow,
6.25 kg/unit, 250 m3/h 1.00 un. 34.29 Return air 70.00 2 25 5

Square ceiling diffuser, Ø125–400,
3.79 kg/unit 17.00 un. 18.4

Both
supply and

return
70.00 2 25 5

Rock wool insulation for HVAC
pipe sections and bends, unfaced,
L = 0.033 W/mK, R = 1 m2 K/W,

33 mm, 1 kg/m2, 30.3 kg/m3

53 m2 × 40 mm 1.34 70.00 4 50 7

Note—1: GWP results (A1–A3) before local compensation in units of kg CO2e/m, kg CO2e/kg, or kg CO2e/unit;
2: Large delivery truck, 9-ton capacity; 3: Trailer combination, 40-ton capacity; 4: Large delivery truck, 40-ton
capacity; 5: Metal-containing product recycling (90% metal); 6: Steel recycling; 7: Landfilling (for inert material).

In addition to the consideration of the embodied carbon during the upfront stage, it
is necessary for mechanical engineers to pay attention to other relevant information on
the transportation, service life duration, and end-of-life measure (EOL). They all function
together with upfront carbon in this mechanical ventilation design example accounting for
about 6.1% of the total carbon portion.
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5. Conclusions and Recommendations

The COVID-19 pandemic has led to a heightened global focus on transitioning to not
only a sustainable society but also a sustainable indoor environment. With rapid innovation
in building technologies, hygiene/working practices, and building design, the mechanical
engineering industry encounters more challenges in terms of reducing negative effects on
climate action and environmental, economic, and social coherence. And these elements
accordingly influence how a sustainable indoor environment is designed throughout the
building’s lifecycle.

Different to the conventional mixing-mode ventilation, the concept of displacement
ventilation was introduced as an effective option for improving indoor environmental
quality and sustainability in post-pandemic office settings. In response to the focus on
human-centered design and climate action for a sustainable indoor environment, both
the overall building performance study and the LCA are recognized as two important
methodologies in this study. They offer systematically assessing not only the thermal com-
fort and energy performance but also its environmental impact; so, this can better inform
decision making for stakeholders. However, due to a lack of relevant EPD or associated
carbon data, the adoption and implementation of the combined methodologies for me-
chanical ventilation systems vary significantly from the widely implemented constructure
material elements.

Therefore, this study proposed a feasibility study for an office space ventilation system,
considering essential variables like thermal comfort indicators, heating/cooling loads,
operational energy consumptions, and embodied carbon values. The main objectives
include (1) providing schematic carbon design options with two occupant densities and two
mechanical ventilation approaches’ comparison in a landscape office setting in a heating-
dominated climate, (2) evaluating the overall effectiveness of the two mechanical ventilation
approaches in terms of energy consumption and indoor environment performance using
the IDA ICE climate stratification model, and (3) examining collaboration opportunities for
researchers, mechanical engineers, and architects in addressing whole-life carbon (WLC) in
an open office setting.

In terms of overall performance results, the comprehensive overview of the simulated
results in three principal aspects from the energy model shows that the basic case of mixed
ventilation with 28 occupants has a specified system primary energy value of 38.8 kWh/m2.
If the office occupancy density was reduced directly, the specific system primary energy
would have increased by 0.4% to 39 kWh/m2. Based on the identical mechanical ventilation
design parameters in the alternative displacement ventilation approach, the scenario with
28 occupants might have a specific system primary energy of 38.7 kWh/m2, saving 0.3%
as compared to the same office occupancy density. With 24 people, the specific system
primary energy may be 39 kWh/m2, saving 0.1% when compared to the same office
occupancy density.

In terms of indoor air quality and thermal comfort results, a climate (with stratification)
model works as an effective alternative to CFD to detect pitfalls between two mechanical
ventilation approaches. In most cases, the displacement ventilation strategy successfully
pushes down the air stagnant zone at ceiling height to chair height, resulting in a greater
thermal comfort performance. Its airflow with more uniform operative temperatures and
air velocity patterns has other advantages of (1) avoiding unnecessary energy-inefficient
ventilation below the chair height; (2) reducing unwelcome turbulence near the floor level,
which can mix up dust, debris, and other particles on the floor; and (3) offering even
distributed flush-away air velocity in the breathing zone of occupants.

In terms of GWP results, the present findings indicate the displacement ventilation
strategy has a marginal reduction in embodied carbon (1.42% savings in the case of dis-
placement ventilation with 24 occupants and 0.91% savings in the case of displacement
ventilation with 28 occupants compared to the base scenario), primarily due to operational
energy savings. In addition to the consideration of the embodied carbon during the upfront
stage, it is necessary for mechanical engineers to pay attention to other relevant information
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on the transportation, service life duration, and end-of-life measure (EOL). In this mechani-
cal ventilation design example, the material selection accounts for approximately 6.1% of
the total carbon portion.

However, this study has some limitations. First, the study only looked at a simple
mechanical ventilation system in a heating-dominated environment; therefore, the findings
may not be applicable to other sophisticated HVAC settings. Second, the chosen climate
(with stratification) model provides just a few IAQ metrics. Third, an embedded carbon
analysis has several limitations due to the assumed material selection procedures and
the lack of any cost-related consideration. Future work should focus on addressing these
limitations and further exploring the benefits and drawbacks of displacement ventilation
in different contexts.

Despite these limitations, the general contributions of this study are three-fold. First,
it provides valuable insights into the mechanical ventilation design in post-pandemic
office settings, especially from the newly added sustainability dimension. Second, it gives a
concrete case study of how to address climate action and human-centric indoor environment
design in a landscape office setting. Different to an investigation into performance metrics,
it focuses more attention on the ecological footprint, which further extends considerations
beyond the aspect of the environment boundary.

By using the framework of Environmental, Social, and Governance (ESG), it enables
us to conduct a multifaceted analysis in Figure 11. It is believed that it can serve as a
foundation for future research endeavors, bringing Environmental, Social, and Governance
concerns into harmony in the changing post-pandemic working environment. By examin-
ing the social dimensions, it is imperative to emphasize the important role of MEP design
compared to floorplan design. From this study, it was found that even little changes in
ventilation approaches result in a significant impact on IAQ performance and occupants’
acceptability. It is necessary to have a more sophisticated understanding of building service
systems’ impact on occupants’ experience. To urge the inclusion of the human dimension
in sustainable workplace design, we advocate for early-stage collaboration among multiple
stakeholders, fostering iterative design reviews for continual improvement. Turning to
the governance aspects, it is vital to systematically break down sustainability objectives
of MEP design, rendering them operationally feasible within the designated scope. For
instance, we encourage an integrative whole-life-design process. Through a digitalized
MEP design coupling with a generic ecological footprint analysis, it is helpful to anchor
it with a suitable empirical safety factor for a ventilation system design at the concept
design phase. In addition, the associated ecological footprint data sharing, and pilot case
study with a focus on relevant benchmarking, emerge as governance strategies to promote
transparency and accountability.
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