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Seyed Mohsen Pourkiaei d, Deepak Amaripadath a, Anne-Claude Romain d, Xavier Fettweis c, 
Shady Attia a 

a Sustainable Building Design Lab, Dept. UEE, Faculty of Applied Sciences, University of Liège, Belgium 
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A B S T R A C T   

Global warming is widely recognized to affect the built environment in several ways. This paper projects the 
current and future climate scenarios on a nearly zero-energy dwelling in Brussels. Initially, a time-integrated 
discomfort assessment is carried out for the base case without any active cooling system. It is found that over
heating risk will increase up to 528%, whereas the overcooling risk will decrease up to 32% by the end of the 
century. It is also resulted that the overheating risk will overlap the overcooling risk by 2090s under high 
emission scenarios. Subsequently, two commonly applied HVAC strategies are considered, including a gas-fired 
boiler + an air conditioner (S01) and a reversible air-to-water heat pump (S02). In general, S02 shows ∼6–13% 
and 15–27% less HVAC primary energy use and GHG emissions compared to S01, respectively. By conducting the 
sensitivity analysis, it is found that the choice of the HVAC strategy, heating set-point, and cooling set-point are 
among the most influential parameters determining the HVAC primary energy use. Finally, some future rec
ommendations are provided for practice and future research.   

1. Introduction 

Climate change arising from natural or anthropogenic sources causes 
long-term shifts in temperatures and weather patterns. According to 
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment 
Report (AR6), the average global surface temperature is expected to 
increase in the range of 1–5.7◦C depending on the Shared Socioeco
nomic Pathway (SSP) scenario [1]. In addition, the Urban Heat Island 
(UHI) effect is recognized in more than 400 cities around the world [2, 
3]. The UHI effect, defined as “relatively atmospheric warmth of urban 
areas compared to the surrounding countryside”, is predicted to increase 
the ambient temperature in cities by 5–10◦C [4,5]. It is necessary to 
project such warming weather conditions on buildings to predict the 
changes in comfort conditions as well as Heating Ventilation, and Air 
Conditioning (HVAC) energy use and Green House Gas (GHG) 

emissions. 
The impact of climate change on thermal comfort in different loca

tions will vary depending on the climate. In temperate climates, a major 
anticipated impact of climate change is the increase of overheating 
occurrence and associated health hazards for the occupants in buildings 
[6–10]. Overheating affects the occupants’ comfort [11], productivity 
[12] and health, where in severe cases can lead to illness and death [13, 
14]. In total, over 35,000 people died in Europe during the summer 2003 
heatwave [15], in which 14,729 deaths are reported in France [16], 
2139 in England and Wales [17], up to 2200 in the Netherlands [18], 
and 1175 in Belgium [19]. Therefore, there is a need to evaluate the 
future thermal performance of the buildings and equip them, if neces
sary, with sustainable and resilient cooling solutions to ensure the 
comfort and well-being of the occupants. 

Several methods are introduced in the scientific literature to evaluate 
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thermal comfort, described as “the condition of mind that expresses 
satisfaction with the thermal environment and is assessed by subjective 
evaluation” [20]. Recently, a new group of methods have been proposed 
(which are the focus of the current study) to assess the thermal comfort 
over a span of time in buildings that are named as time-integrated, 
long-term, or chronic comfort evaluation methods [20–23]. In other words, 
they quantify the accumulation of discomfort stimuli over a specific 
period. Most of those methods are aimed at assessing the overheating 
discomfort (asymmetric), whereas some deal with both overheating and 
overcooling discomfort (symmetric), and only a few of them developed 
for overcooling discomfort [24,25]. Previous studies reviewed such 
methods highlighting their strengths and limitations [21,25–27]. 

According to European Commission (EC), the buildings in the EU 
account for 40% of energy consumption and 36% of Green House Gas 
(GHG) emissions [28]. Heating and cooling make for the majority of 
building energy use in Europe, accounting for 70% of total energy 
consumption in residential units [29]. This highlights the potential of 
buildings, in particular HVAC systems, in reducing energy consumption 
and GHG emissions [30]. Climate change influences the HVAC size and 
energy demand [31]. With the continuation of global warming, energy 
demand for heating and cooling is predicted to decrease and increase, 
respectively [32]. However, the rate of change in different locations will 
vary depending on the climate [33]. Consequently, the future climatic 
forecasts must be included in the building energy simulations to better 
understand the trend of energy consumption and GHG emissions for the 
HVAC components as the major energy consumers in the buildings. 

Table 1 lists some studies that discussed the impact of climate change 
on time-integrated discomfort, heating demand, cooling demand, and 
GHG emissions in residential buildings in Europe. Sajjadian et al. [34] 
evaluated a four-story flat in compliance with the Passive House stan
dard in London. By applying future weather data obtained from 
morphing the UK Climate Impact Program (UKCIP) monthly climate 
data using CCWorldWeatherGen tool, a significant shift towards less 
overcooling was resulted from 2011 to 2080. It was also found that the 
overall energy consumption decreases because of considerably higher 

reduction in the heating demand compared to the increase in the cooling 
demand. Attia S. and Gobin C [35]. evaluated a nearly Zero-Energy 
Building (nZEB) located in Eupen municipality in Belgium using the 
future weather data downscaled by the regional climate model (MAR) 
“Modèle Atmosphérique Régional”. The outcomes of the study showed 
that the passive design strategies could not prevent overheating in 
naturally ventilated and highly insulated case study. Considering 
EN15251 adaptive comfort model, the overheating hours rises 700 h, 
845 h, and 1441 h by 2100 for the RCP4.5, RCP6, and RCP8 scenarios, 
respectively. They also suggested that the active cooling strategies may 
become the most practical option if the overheating hazards are not 
addressed during the building design. Ciancio V. et al. [36] studied the 
impact of climate change on energy demands in 19 European cities 
covering the main Köppen-Geiger climate classes (B - arid; C – 
temperate; D - continental; E − polar). A representative case study 
consisting of three floors and three apartments was considered for all 
cities. The weather data are obtained from real observations (current: 
2020) and CCWorldWeatherGen tool (future: 2050 and 2080). It was 
found that in cities such as Copenhagen, Gothenburg and Paris the CO2 
emissions tend to decrease, whereas in some other cities such as Milan, 
Porto, and Berlin, the CO2 emissions tend to increase. Taken together all 
the examined cities, they found that the increase in cooling demands will 
offset the decrease in heating demands; therefore, the energy con
sumption and CO2 emissions will rise globally. It was also found that in 
cities such as Copenhagen, Gothenburg, London, and Prague, it will 
become necessary to install active cooling systems (if not present) to 
ensure comfort conditions in the future. In addition to the above
mentioned studies, other similar studies can be found at building scale 
[36–48] and building stock scale [49–51] in the scientific literature (see 
Table 1). 

Despite the numerous studies on climate change impact assessment 
in buildings, there is relatively less comprehensive research including all 
aspects of time-integrated discomfort, HVAC primary energy use, and 
GHG emissions. They mostly lack a multizonal and asymmetric assess
ment of time-integrated discomfort [21] with high-resolution climate 

Table 1 
Summary of the recent studies on the impact of climate change on Time-integrated Discomfort (TiD), Heating Demand (HD), Cooling Demand (CD), and GHG 
Emissions (GE) in residential buildings in Europe.  

Author(s) Ref. Year Building type (study scale) Location Focus 

Frank Th. [41] 2005 Multistory residential unit (building scale) Zurich–Kloten, Switzerland HD, CD 
Olonscheck M. et al. [51] 2011 Residential buildings (building stock scale) Germany HD, CD, 

GE 
Nik V. and Kalagasidis 

AS. 
[50] 2013 Residential buildings (building stock scale) Stockholm, Sweden HD, CD 

Jylhä K. et al. [52] 2015 Detached residential house (building scale) Southern Finland HD, CD 
Van Hooff T. et at. [45] 2016 Terraced dwelling (building scale) De Bilt, Netherlands HD, CD 
Sabunas A. and 

Kanapickas A. 
[38] 2017 Four-story residential unit (building scale) Kaunas, Lithuania HD, CD 

Sajjadian SM. [34] 2017 Four-story residential unit (building scale) London, UK TiD, HD, 
CD 

Tettey U. et al. [39] 2017 Multi-story residential unit (building scale) Växjö, Sweden HD, CD 
Andrić I. et al. [43] 2017 Six-story detached residential unit (building scale) 6 cities including Madrid, Spain & Milan, Italy, & Hamburg, 

Germany 
HD 

Pérez-Andreu V. et al. [47] 2018 Single-family detached house (building scale) Valencia, Spain TiD, HD, 
CD 

Ciancio V. et al. [44] 2019 Three-story residential unit (building scale) Aberdeen, Scotland & Prague, Czech & Palermo, Italy HD, CD 
Moazami A. et al. [46] 2019 16 building types including high- and mid-rise 

residential units (building scale) 
Geneva, Switzerland HD, CD 

Attia S. and Gobin C. [35] 2020 Three-story single-family detached house (building 
scale) 

Eupen, Belgium TiD 

Ciancio V. et al. [36] 2020 Three-story representative apartment (building scale) 19 European cities HD, CD, 
GE 

Machard A. et al. [37] 2020 Single-story residential unit (building scale) Paris, France HD, CD 
Shen J. et al. [40] 2020 A flat in multi-family apartment (building scale) Rome, Italy & Stockholm, Sweden TiD 
De Masi R. F. et al. [48] 2021 Single-family representative house (building scale) Benevento, Italy HD, CD 
Yang Y. et al. [49] 2021 Residential buildings (building stock scale) 38 European cities TiD, HD, 

CD 
Pajek L. et al. [42] 2022 Single-family detached unit (building scale) Moscow, Russia & Ljubljana, Slovenia & Milan, Italy & Athens, 

Greece & Porto, Portugal 
HD, CD  
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data [53]. In addition, most studies are carried out by a unique 
assumption on the type of the HVAC system without detailed informa
tion on their modelling procedure. The above is more evident in the 
studies performed in temperate climates in Europe. Therefore, as 
members of the International Energy Agency (IEA) EBC Annex 80 – 
“Resilient cooling of buildings” project, we developed this paper to 
address the abovementioned knowledge gap inspired by the framework 
developed within the project [8]. The aim of this research is to extend 
the knowledge on thermal comfort and energy performance of resi
dential buildings in the context of climate change and broaden the 
comparative analysis among HVAC strategies to come up with the most 
sustainable solutions. The research questions are:  

• Q1: What will be the changes in outdoor weather conditions 
assuming different emission scenarios for Brussels?  

• Q2: To what extent climate change will affect time-integrated 
discomfort in a naturally ventilated nearly zero-energy dwelling?  

• Q3: What will be the changes in HVAC primary energy use and GHG 
emissions under the operation of commonly applied HVAC systems?  

• Q4: What are the influential parameters (i.e., weather data, the 
choice of the HVAC system, the HVAC performance characteristic, 
and set-point temperatures) in determining the HVAC primary en
ergy use? 

This paper provides a valuable contribution to the new body of 
knowledge from an international perspective by providing a clear pic
ture of climate change impact assessment in temperate oceanic climates 
(Cfb) according to Köppen-Geiger-Peel climate classification [54]. Such 
climate is particularly dominant in Western Europe in cities like 
Amsterdam, Brussels, Copenhagen, London, and Paris. As can be seen in 
Fig. 1, in addition to European cities, some major cities such as Auck
land, Bogotá, Canberra, Nairobi, Vancouver, and Santa Fe have a similar 
climate in other regions around the world. This paper also applies a 
multizonal method in quantification of time-integrated discomfort in 
buildings. More importantly, a new fit-to-purpose metric called “Indoor 
overcooling Degree (IOcD)" is proposed to provide a full asymmetric 
assessment together with a previously developed metric called “Indoor 
Overheating Degree (IOhD)" [10]. This paper also compares two HVAC 
strategies, including a gas-fired boiler for heating + Air Conditioner 
(AC) for cooling and a reversible air-to-water heat pump for both 
heating and cooling. Both strategies include mechanical ventilation with 
a heat recovery system. The detailed information on their sizing is 
provided while incorporating the uncertainties in the input parameters 
(uncertainty analysis). Last but not least, this paper includes sensitivity 
analysis (SA) to identify the most influential factors affecting the HVAC 

primary energy use. 
For policymakers, this paper sheds light on the importance of climate 

change-sensitive comfort evaluations and criteria to be embedded in the 
building codes. This can result in comfort benefits and helps the con
struction sector towards climate change proof residential buildings. This 
paper also informs the building professionals about the future of HVAC 
related energy use and GHG emissions and how their choice of the HVAC 
system can affect them. The current paper is organized as follows. In 
Section 2, the methodology is provided, including the boundary condi
tions (Section 2.1), climate data (Section 2.2), building model (Section 
2.3), time-integrated discomfort evaluation (Section 2.4), and HVAC 
strategies (Section 2.5). Section 3 presents the results. Section 4 dis
cusses the key findings, recommendations, strengths, limitations, and 
implications on the practice of the study and suggests potential future 
research. And, Section 5 concludes the paper. 

2. Methodology 

Fig. 2 shows an overview of the current paper’s methodology. In the 
first stage, the base case building model is created and simulated to 
analyze the indoor thermal conditions in different weather scenarios. In 
the second stage, two different designs for the HVAC system (i.e., S01 
and S02) are considered. DesignBuilder v7.0.0 software is used to create 
the building and HVAC models, which is a comprehensive and intuitive 
Graphical User Interface (GUI) for the EnergyPlus simulation engine. In 
the second stage, the exported Input Data File (.idf) from DesignBuilder 
is fed into JEPlus and JEPlus + EA open-source software to perform the 
uncertainty and sensitivity analysis, respectively. JEPlus is a tool to 
manage complex parametric analysis based on the EnergyPlus simula
tion engine, while JEPlus + EA is an extension for JEPlus to conduct full- 
factorial, Monte Carlo, global sensitivity, and constrained multi- 
objective optimization [55]. In total, over 16000 simulations are run 
in 72 h using a workstation with CPU: AMD 3990X - 64 × 2.9 GHz, 
Cache: 256 MB, RAM: 64 GB, and Graphics card: 24 GB (2× 32 GB). The 
post-processing and visualizations are done using a homemade MATLAB 
script. 

2.1. Boundary conditions 

In this section, the boundary conditions assumed for the current 
study are presented. First, the study is performed on a representative 
case in Belgium characterized by temperate climate. In such heating- 
dominated regions, the focus of building design is mainly on heat 
preservation during the winter season. This is achieved via highly 
insulated and airtight design concepts hindering heat dissipation during 

Fig. 1. Cities with temperate oceanic climate (Cfb) worldwide [54].  
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the summer season. Therefore, by only relying on passive measures, it 
may become difficult in the future to prevent overheating issues. It 
should be mentioned that the provisions are required (e.g., reference 
building model, climate data, GHG emissions intensity, etc.) to the 
generalizability of the results to other temperate regions. 

Second, the study’s focus is restricted to the comparison of two 
commonly applied HVAC strategies. As the first HVAC strategy, an air 
conditioner is added to provide cooling along with the existing gas-fired 
boiler for heating. It is a cost-effective measure because there is no need 
for ductwork, and it requires minor changes to the building for fitting 
the components. As the second HVAC strategy, a reversible air-to-water 
heat pump is implemented that provides heating, cooling, and consistent 
Domestic Hot Water (DHW). Unlike air-to-air heat pumps, air-to-water 
heat pumps do not require additional systems to provide DHW. The 
air-to-water heat pumps are suitable for households for replacing the 
traditional boilers with a more environmentally friendly option with a 
relatively high installation cost. Other boundary conditions of the cur
rent study are that a) there is no consideration regarding degradation of 
building envelope and the HVAC components and b) there is no 
consideration regarding the evolution of GHG emissions factor based on 
the energy mix of the electricity production. 

2.2. Climate data 

Acquiring reliable current and future climate data is vital in any 
study related to climate change and defines its quality [47]. In this 
paper, the climate data are based on the General Circulation Model 
(GCM) outputs. The GCMs are used to estimate the climate projections, 
whereas they are not directly applicable to building simulations due to 
high spatial and temporal resolutions. It is necessary to transform them 
into compatible climate data using downscaling techniques (statistical 
or dynamical methods). For this aim, the regional climate model (MAR) 
“Modèle Atmosphérique Régional" was used in its version 3.11.14 [56], 

which is a dynamical method resulting in physically consistent climate 
parameters and extreme weather events. MAR is adapted and widely 
validated for Belgium region [57–59]. 

MAR is derived by coupling a three-dimensional atmospheric model 
to a one-dimensional transfer scheme between the atmosphere, vege
tation, and surface [60]. To calculate the climate data used in this paper, 
two different methods were implemented. First, MAR was forced every 
6 h in its lateral boundaries by reanalysis ERA5 [61] assimilated by 
different sources of observations (e.g., in-situ weather station, radar 
data, satellites, etc.) between 1980 and 2014. This can be considered as 
the reconstruction of observed climate data. Second, MAR was forced 
every 6 h by Earth System Model (ESM) BCC-CSM2-MR (which 
approximately follow the mean temperature of all ESMs over Belgium up 
to 2100) from the Sixth Coupled Model Intercomparison Project 
(CMIP6) that represents the mean evolution of climate parameters be
tween 1980 and 2014 with the historical scenario and 2015–2100 with 
the SSPs [62]. ESM forced MAR was then validated by comparing to 
MAR ERA5 simulations to verify whether it can be used to generate 
future climate data [56]. 

ESMs for future periods are based on Shared Socioeconomic Path
ways (SSPs). SSPs are projected scenarios of global socioeconomic 
evolution by 2100. SSPs are used to quantify Green House Gas (GHG) 
emissions associated with different climate policies. The future climate 
data in this paper consists of three SSPs, 1) SSP2 – medium challenges to 
mitigation and adaptation (1.8◦C estimated global warming by 2100), 2) 
SSP3 – high challenges to mitigation and adaptation (3.6◦C estimated 
global warming by 2100), and 3) SSP5 – high challenges to mitigation 
and low challenges to adaptation (4.4◦C estimated global warming by 
2100) [63,64]. 

After obtaining the results of MAR forced by BCC-CSM2-MR, the 
Typical Meteorological Years (TMYs) are constructed over 20 years for 
three different periods 2001–2020 (hereafter 2010s), 2041–2060 
(hereafter 2050s), and 2081–2100 (hereafter 2090s). TMYs are 

Fig. 2. Study conceptual framework (SCF).  
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synthetic years (on an hourly basis) formed by typical representative 
months selected from the target period (e.g., 2001–2020) (i.e., January 
from 2001, February from 2012, etc.). The typical months are chosen by 
comparing the distribution of each month in the long-term distribution 
of that month for the available modelled or observed data (minimum 10 
years) using Finkelstein-Shafer statistics. The protocol by ISO 15927–4 
[23] was used to create the TMYs. The weather data in this paper are 
derived for Brussels (Köppen–Geiger climate zone: Cfb, Marine west 
coast and warm summer) from Ref. [56]. The selection of the periods 
and emission scenarios (SSPs) for the weather files in this paper are 
inspired by the recommendations of the dynamic simulation guideline 
developed within International Energy Agency (IEA) EBC Annex 80 – 
“Resilient cooling of buildings” project [65] as well as a previous study 
in the literature [8]. 

2.3. Building model 

A reference building model representing a typical terraced dwelling 
in Belgium is adopted for this study based on the work of [66]. The 
building is located in Brussels (50◦83′79′′, 4◦44′10′′, 13 m) and was 
renovated after 2010 to comply with the nearly Zero-Energy Building 
(nZEB) requirements. The envelope is externally insulated, and photo
voltaic panels are mounted on the roof. The building was constructed in 
three floors and has north- and south-facing glazing areas. The reference 
building is presented in Fig. 3. 

The datasets regarding the building model in.dsb (DesignBuilder 
model data) and.idf (EnergyPlus input data file) formats are extracted 
from Ref. [67]. The multizonal building model includes the conditioned 
zones categorized as, 1) living areas (living room and open kitchen as 
one zone), 2) office room, 3) three bedrooms, and 4) five short-presence 
areas (two corridors, two bathrooms, one WC). 

The building is occupied by a family of two parents (above 45 years 
old) and two children (seven and ten years old). The occupancy sched
ules are specified based on ISO 18253–2 [68] with a density of 43 
m2/person. ISO 18253–2 provides occupancy schedules for a 
four-member family with 46 years old householders. According to 
Ref. [66], the same occupancy schedules are defined for weekdays and 
weekends. Based on the data collected in the surveys, the lighting power 
intensity of 10 W/m2 is assigned for the living areas, while the lighting 
power intensity of 8 W/m2 is assigned for the bedrooms. The lighting 
schedules are tuned for the winter season and validated by using the 
outcomes of national energy reports provided by the Flemish Energy 
Agency (FEA) and IP Belgium. Table A1 in Annex A summarizes the 
characteristics of the calibrated building model. 

In the base case building model, the heating is provided by a gas- 
fired boiler with a hydronic loop coupled to the radiators and there is 
no active cooling. The temperature set-points for heating are set to 21◦C 
in living areas, 18◦C in bedrooms, and 18◦C in short-presence areas. The 

building is naturally ventilated during the occupied hours in the summer 
with control on minimum indoor air temperature of 24◦C. Mechanical 
ventilation with a heat recovery system is also operating to provide 
minimum fresh air of 25 m3/h according to NBN D50-001. In addition, 
the Photovoltaic (PV) panels are attached to the roof adjacent to the 
northern edge. The PV panels have Crystalline Silicon cell type (36 cells 
in series) with an active area of 0.34 m2 and rated electric power output 
of 61 Watt. The PV panels are connected to a DC to AC converter with an 
efficiency of 0.95. According to Ref. [66], the on-site electricity gener
ation of PV panels is 3000 kWh/year. 

2.4. Time-integrated discomfort evaluation 

The time-integrated discomfort evaluation in buildings requires the 
determination of indicators and underlying thermal comfort models (if 
required). The time-integrated discomfort indicators can be symmetric 
(overheating- and overcooling-specific) or asymmetric (overheating- 
specific or overcooling-specific) [21]. Following the recommendations 
of the guidelines developed in International Energy Agency (IEA) EBC 
Annex 80 – “Resilient cooling of buildings” project [65,69] and the 
scientific literature [8,21], an asymmetric index called Indoor Over
heating Degree (IOhD) [10] is selected to estimate the overheating 
discomfort. Afterwards, a new asymmetric index is proposed in this 
study named as Indoor Overcooling Degree (IOcD) to quantify the 
overcooling discomfort separately. The IOhD and IOcD indices accu
mulate heating and cooling degree hours over the total number of zonal 
occupied hours, respectively. The formulas to calculate the IOhD and 
IOcD are, 

IOhD ≡

∑Z

z=1

∑Nocc(z)

i=1

[(
Tin,z,i − Tcomf,upper,z,i

)+
× ti,z

]

∑Z

z=1

∑Nocc(z)

i=1
ti,z

(1)  

IOcD ≡

∑Z

z=1

∑Nocc(z)

i=1

[(
Tcomf,lower,z,i − Tin,z,i

)+
× ti,z

]

∑Z

z=1

∑Nocc(z)

i=1
ti,z

(2)  

Where Z [− ] is the number of total building conditioned zones, Nocc(z)
[− ] is the total number of occupied hours in zone z, Tin,o,z is the indoor 
operative temperature in zone z at hour i, Tcomf ,upper,z,i is maximum 
comfort threshold in zone z at hour i, Tcomf ,lower,z,i is minimum comfort 
threshold in zone z at hour i. The Tcomf ,lower,z,i and Tcomf ,upper,z,i can be 
derived from the static or adaptive comfort models in the standards such 
as ISO 17772, EN 16798, ASHRAE 55, CIBSE Guide A, etc. 

The IOhD and IOcD are multizonal indices that quantify, with a single 

Fig. 3. The representative nearly zero-energy terraced dwelling in Belgium.  
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value, the intensity and frequency of discomfort in a building. Such a 
multizonal approach allows depicting real-world circumstances in 
buildings, encompassing zones with variable thermal comfort models (i. 
e., static and adaptive) and requirements (e.g., comfort categories), as 
well as tracking the occupied hours in each zone. This makes it easier to 
reflect the zone-based occupant behavior and adaptation opportunities. 
Therefore, the time-integrated discomfort assessment via those metrics 
is adaptable and allows for personalization at the zone level under real 
and artificial conditions. 

In this paper, the comfort models are obtained from ISO 17772-1 
standard. ISO 17772–1 provides category-based static (Cat. I, Cat. II, 
Cat. II and Cat. IV) and adaptive (Cat. I, Cat. II, and Cat. III) comfort 
models. Category II is selected in this study that is recommended for new 
buildings and renovations [21,25]. For the bedrooms, the static comfort 
model is chosen due to the limited occupant adaptation actions during 
the sleeping period [70]. The static comfort model in ISO 17772–1 is 
provided in PMV/PPD ranges that can be translated into the operative 
temperature ranges by setting assumptions on relative humidity (=40% 
for the heating season and = 60% for the cooling season), air velocity 
(<0.1 m/s), metabolic rate (∼1.2 met), and clothing factor (∼0.5 clo for 
summer and ∼1 clo for winter). Consequently, 20◦C and 26◦C are 
assigned for the bedrooms as the lower limit and upper limit of comfort, 
respectively. For other zones, the adaptive comfort model is selected 
that is recommended for naturally ventilated buildings. The adaptive 
comfort model in ISO 17772–1 is provided via the formulas for the upper 
and lower limit of comfort based on the weighted running mean outdoor 
air temperature Trmo [71]. The formulas to calculate the upper and lower 
limits in Category II are, 

Tcomf,upper,z,i = 0.33Trmo + 18.8 + 3 (3)  

Tcomf,lower,z,i = 0.33Trmo + 18.8 – 4 (4)  

2.5. HVAC strategies 

2.5.1. Gas-fired boiler (heating) + air conditioner (cooling) 
As the first HVAC strategy (S01), a split Air Conditioner (AC) is 

added to the base case to provide cooling without changing the existing 
gas-fired boiler system (see Section 2.3). A gas-fired boiler connects to 
flow splitters and mixers together with a circulating pump to provide hot 
water for heating and domestic use. A conventional split AC, as implied 
by its name, consists of an indoor and an outdoor unit. The outdoor unit 
includes an air-cooled condenser, a condenser fan, and a compressor, 
while the indoor unit includes an evaporator, an expansion valve, and a 
distribution fan. The AC circulates the indoor air and cools it before the 
supply node by passing it over the evaporator coil. The AC cooling ca
pacity is controlled by varying the indoor unit fan speed or AC/DC 
compressor inverter. The AC deals with both sensible and latent heat 
loads. 

The gas-fired boiler is modelled in DesignBuilder using Hot Water 
Plant Loop module. It requires the boiler definition in terms of fuel type, 
rated heating capacity, rated thermal efficiency, and design flow rates. 
The amount of fuel used in the boiler is calculated by the combination of 
rated thermal efficiency and normalized efficiency performance curve. 
The performance curve is set to the default curve as CondensingBoilerEff 
and shows the fraction of nominal thermal efficiency of the boiler based 
on the hot water temperature leaving the boiler. 

The AC in DesignBuilder can be implemented by using a unitary 
single zone module. The unitary single zone module allows modelling a 
constant volume direct-expansion cooling via the DX cooling coil. The 
DX cooling coil uses the combination of the rated Sensible Heat Ratio 
(SHR), rated total cooling capacity, rated air volume flow rate, and rated 
EER. It also requires the definition of availability schedules which is 
considered identical to the occupancy schedules in this study. In this 
paper, to define the DX coil performance under a range of conditions, the 
default performance curves are selected from the EnergyPlus database. 

For instance, DXClgCoilTotalClgCap/EnergyInputRatioFuncTemper
ature are selected that are bi-quadratic curves representing the total 
cooling capacity/Energy Input Ratio (EIR) as a function of temperature 
curves. In other words, they show the variations in total cooling ca
pacity/EIR as a function of the wet-bulb temperature of the inlet air 
passing over the cooling coil and the dry-bulb temperature of the air 
entering the condenser coil. The output of this curve is then multiplied 
by the rated cooling capacity/EIR to show the total cooling capacity/EIR 
at a specific temperature operating condition. 

2.5.2. Reversible air-to-water heat pump (heating & cooling) 
As the second HVAC strategy (S02), a reversible air-to-water heat 

pump is implemented to provide both heating and cooling. Similar to the 
AC system, the reversible air-to-water heat pump has an indoor and an 
outdoor unit. In the heating mode, the outdoor unit coil operates as an 
evaporator by extracting the heat from the outdoor air by forcing the 
refrigerant to transform from the liquid phase to the gas phase. The gas is 
then compressed in the compressor to increase its temperature. The 
indoor unit coil acts as a condenser and transfers the heat from the gas 
into the hydronic loop. The heated water is stored in a tank with a 
supplemental electric heater. The stored hot water can serve the DHW or 
can be circulated in radiators, fan coils, or radiant surfaces. This process 
can be easily reversed to provide the chilled water during the cooling 
season using a 4-way valve (the evaporator becomes condenser, and the 
condenser becomes evaporator). 

To model a reversible heat pump in DesignBuilder, different hot- and 
chilled-water loops should be defined. For hot water loop, an air-to- 
water heat pump module is implemented that consists of an air-to- 
water DX compression coil as a primary source connected to a water 
tank with a supplemental heater as a secondary/additional source for 
heating. The DX coil object calculates the air-side heating capacity in 
parallel to the water-side temperature gradient at a given condenser 
flow rate. To define the performance of the DX coil in different operating 
conditions in terms of the COP and total heating capacity, ASH
PLowTCAPFT (heating capacity function of evaporator wet-bulb tem
perature) and ASHPLowTCOPFT (heating COP function of evaporator 
wet-bulb temperature) bi-quadratic curves are selected from the Ener
gyPlus database. For the chilled water loop, a high-temperature chilled 
water loop is defined consisting of an air-cooled condenser, an evapo
rator, and a compressor to supply chilled water at ∼18◦C. The perfor
mance curves and the characteristics of the components for the chilled 
water loop are derived from the manufacturer’s data. 

For both S01 and S02, all thermal capacities and design flow rates are 
auto-sized by EnergyPlus based on the external design conditions and 
the building configuration. For this aim, the summer and winter design 
data should be specified that are simplified weather data based on the 
most extreme days. The auto-sizing feature uses design day weather data 
to specify outside conditions when auto-sizing the HVAC components 
based on ASHRAE sizing method [72]. The design data for cooling 
consists of maximum dry-bulb temperature, coincident wet-bulb tem
perature, and minimum dry-bulb temperature. The design data for 
heating consists of minimum dry-bulb temperature, wind speed, and 
wind direction. For each period, the degree of confidence of the design 
data should be selected. In other words, the probability that the design 
data will occur in reality should be defined. This can be done based on 
the dry- or wet-bulb temperatures with 99.6%, 99%, and 98% confi
dence (i.e., 0.4%, 1%, and 2% chance of more extreme weather occur
rence). 99.6% confidence is assumed in this paper. The auto-sizing 
feature sizes the HVAC components in a way to fit the loads and main
tain comfort for all periods except for more extreme conditions than the 
design data. In this paper, the design data are derived from the current 
weather data (i.e., 2010s) and kept the same considering a non-climate 
change responsive design (i.e., the HVAC components are not re-sized 
based on the future summer and winter design data) [8]. In both stra
tegies, the existing mechanical ventilation with a heat recovery system is 
kept providing minimum fresh air of 25 m3/h according to NBN 
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D50-001. Both strategies are among widely available (TRL~9) and 
applicable HVAC systems in temperate climates [73]. All the input 
values to model S01 and S02 are listed in Table 2. 

2.6. Uncertainty and sensitivity analysis method 

This section provides an overview of the Uncertainty Analysis (UA) 
and the Sensitivity Analysis (SA) and their application in this study. 

The UA is the practice of quantifying the variability of the output 
parameters due to the variability of the input parameters in an input/ 
output dataset. It results in the estimation of statistical factors such as 
mean, median, and population quantiles of the output parameters. A 
sampling-based uncertainty analysis called Latin Hypercube Sampling 
(LHS) [74] is used in this study where a set of probability distribution of 
the input parameters are sampled to be propagated within the simula
tion model to obtain the distribution of the selected output parameters. 
The LHS method is extensively used due to relatively its small sample 
size (low computational cost) and efficient stratification properties [75]. 
Details for the LHS can be found in Refs. [76,77]. 

The SA studies to what extent the variations in the input parameters 
qualitatively or quantitatively vary the output parameters [78]. The SA 
can be divided into local SA and global SA. The latter is used in this study 
that characterizes the effect of the input parameters over the entire input 
space and helps discard the parameters with negligible effect in order to 
reduce the computational burden [79]. For this aim, the Morris method 
is used [80]. The Morris method uses a set of randomized One variable at 
a Time (OAT) design experiments [79] that vary only one parameter 
keeping the other parameters constant in each run. The main advantage 
of the Morris method is the low computational cost; however, it is not 
able to distinguish non-linear interactions between the input and output 
parameters [81]. 

Since this paper deals with modelling the HVAC systems in the 
future, it is necessary to account for the evolution of some key param
eters characterizing their performance. Accordingly, some of those pa
rameters are selected as input parameters for UA/SA, including the COP 
of the air-to-water heat pump (in heating mode) “P0”, gas-fired boiler 
efficiency “P1”, EER of the air-to-water heat pump (in cooling mode) 
and the AC “P2 & P3”, and mechanical ventilation fan efficiency “P4”. 
Due to foreseen advancements in the HVAC industry in the future, the 
input parameters are defined as improving ranges (i.e., the current 
values from the manufacturer’s data are considered as the minimum 
value). In addition, in line with the work of [31], the set point tem
peratures for heating “P5 & P6” and cooling “P7” are added as the input 
parameters for the UA/SA. All the input parameter ranges regarding the 
HVAC systems are listed in Table 2. The output parameters are defined 
to fit the scope of the current paper including the heating primary en
ergy use [kWh/m2] “t0”, cooling primary energy use [kWh/m2] “t1”, 
HVAC primary energy use [kWh/m2] “t2”, and HVAC GHG emissions 
[ton] “t3". 

The SA is performed for S01 and S02 individually and combined (i.e., 
considering the building model as a discrete input parameter “M"). This 
allows exploring the most influential parameters affecting the HVAC 
primary energy use for each of the HVAC systems individually as well as 
to rank the effect of decision making regarding the type of the HVAC 
system on its primary energy use. 

In this paper, JEPlus parametric tool is used to perform UA based on 
the LHS method and JEPlus + EA is used to perform SA based on the 
Morris method with a sample size of 600, max generations 300, and first 
population size of 50. 

3. Results 

3.1. Evolution of outdoor weather conditions 

Fig. 4 shows the monthly outdoor air temperature for current and 
future TMYs for Brussels resulted from MAR forced by BCC-CSM2-MR 

Table 2 
The HVAC model inputs for S01 and S02.   

Gas-fired boiler + air 
conditioner (S01) 

Reversible air-to-water 
heat Pump (S02) 

Target zones (heating) Living & kitchen, office, 
bedroom 01, bedroom 
02, bedroom 03, 
corridors, WC, bathroom 
01, and bathroom 02 

Living & kitchen, office, 
bedroom 01, bedroom 
02, bedroom 03, 
corridors, WC, bathroom 
01, and bathroom 02 

Target zones (cooling) Living & kitchen, office, 
bedroom 01, bedroom 
02, and bedroom 03 

Living & kitchen, office, 
bedroom 01, bedroom 
02, and bedroom 03 

Target zones (ventilation) Living & kitchen, office, 
bedroom 01, bedroom 
02, bedroom 03, WC, 
bathroom 01, and 
bathroom 02 

Living & kitchen, office, 
bedroom 01, bedroom 
02, bedroom 03, WC, 
bathroom 01, and 
bathroom 02 

Set-point temperatures 
[◦C]

[Min: 20◦C, Int: 0.5◦C, 
Max: 22] for heating 
(living & kitchen and 
office) – [Min:17◦C, 
Int:0.5◦C, Max:19◦C] for 
heating (bedrooms and 
short-presence areas e.g., 
corridors, bathrooms, 
and WC) -[Min: 23◦C, Int: 
0.5◦C, Max: 25◦C] for 
cooling 

[Min: 20◦C, Int: 0.5◦C, 
Max: 22] for heating 
(living & kitchen and 
office) – [Min:17◦C, 
Int:0.5◦C, Max:19◦C] for 
heating (bedrooms and 
short-presence areas e.g., 
corridors, bathrooms, 
and WC) -[Min: 23◦C, Int: 
0.5◦C, Max: 25◦C] for 
cooling 

Ventilation rates [m3/h] 25 m3/h 25 m3/h 
Fuel type Natural gas (heating)/ 

electricity (cooling) 
Electricity 

Heating Gas-fired condensing 
boiler 

Air-to-water DX 
compression 

Cooling Air-to-air DX expansion Air-to-water DX 
expansion 

Condenser type (cooling) Air-cooled Air-cooled 
Total cooling capacity 

[W] 
Auto-sized to design days Auto-sized to design days 

Rated EER [− ] [Min: 5.8, Int: 0.5, Max: 
8.8] 

[Min: 5.4, Int: 0.5, Max: 
8.4] 

Total heating capacity 
[W] 

Auto-sized to design days Auto-sized to design days 

Rated thermal efficiency/ 
COP [− ] 

[Min: 0.88, Int: 0.02, 
Max: 0.98] 

[Min: 4.6, Int: 0.5, Max: 
7.6] 

Rated Sensible Heat Ratio 
(SHR) 

Auto-sized – 

Coil performance curve 
type 

Bi-Quadratic Bi-Quadratic 

Indoor unit VAV ADU (cooling)/ 
water radiator (heating) 

Radiant surface heating 
and cooling (underfloor 
pipes) 

Radiant surface hydronic 
tubing inside diameter 
[m]/length [m]/ 
number of circuits 

N/A 0.013 m/auto-sized/one 
per surface 

Rated supply air flow 
rates (cooling) [m3/s] 

Auto-sized N/A 

Design supply air 
temperature (cooling) 
[◦C]

14◦C N/A 

Radiator/radiant surface 
design capacity [W] 

Auto-sized (heating) Auto-sized (heating and 
cooling) 

Radiator/radiant surface 
maximum water flow 
rate [m3/s] 

Auto-sized (heating) Auto-sized (heating and 
cooling) 

Radiant surface heating/ 
cooling control 
throttling range [◦C]

N/A 0.5◦C 

Min/max/design plant 
loop hot water flow rate 
[m3/s] 

Auto-sized (variable 
flow) 

Auto-sized (variable 
flow) 

Reference entering hot 
water temperature [◦C]

80◦C 35◦C 

Min/max/design plant 
loop chilled water flow 
rate [m3/s] 

N/A Auto-sized (variable 
flow) 

N/A 18◦C 

(continued on next page) 
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Earth System Model (ESM). In addition, Table 3 provides weather 
summaries per scenario in terms of Heating Degree Days (HDD10◦C), 
Cooling Degree Days (CDD18◦C), average, hottest, and coldest yearly air 
temperature, and annual cumulative horizontal solar radiation. 

According to the weather files used in this paper, the monthly out

door air temperature is expected to increase between 1.11◦C to 4.11◦C in 
2090s_SSP5 compared to 2010s. The maximum and minimum changes 
occur in July and April, respectively. In general, the increases are larger 
in the summer (July to August) than in the spring (April to June). On an 
annual basis, there is an increase in air temperature 1.1◦C by 2050s and 
1.6◦C by 2090s considering the SSP2 scenario, 1.3◦C by 2050s and 2.6◦C 
by 2090s considering the SSP3 scenario, and 1.6◦C by 2050s and 3.2◦C 
by 2090s considering the SSP5 scenario. The HDD10◦C decreases 24% 
by 2050s and 42% by 2090s, whereas the CDD18◦C increases 21% by 
2050s and 60% by 2090s averaged over SSPs. The highest hottest tem
perature 34.7◦C is resulted for 2090s_SSP3 and the lowest coldest tem
perature − 7.1◦C is resulted for 2010s. In general, the coldest air 
temperature during the year increases 3.63◦C by 2050s and 4.2◦C by 
2090, while the hottest air temperature increases 1.4◦C by 2050s and 
3.7◦C by 2090s averaged over SSPs. With the increase of HDD10◦C and 
the coldest air temperature during the year, it is expected that the 
average and peak heating loads will decrease in buildings. On the other 
hand, with the increase of CDD18◦C and the hottest air temperature 
during the year, it is expected that the average and peak cooling loads 
will increase [82–84]. Based on the climate data in this paper, the 
annual cumulative horizontal solar radiation inconsistently varies be
tween 1024 kWh/m2 and 1132 kWh/m2 among different scenarios. 

3.2. Time-integrated discomfort 

In this section, the result of time-integrated discomfort assessment 
for the base case building model is described by analyzing the Indoor 
Overheating Degree (IOhD) and the Indoor Overcooling Degree (IOcD) 
indices. The IOhD and IOcD represent the intensity and frequency of 

Table 2 (continued )  

Gas-fired boiler + air 
conditioner (S01) 

Reversible air-to-water 
heat Pump (S02) 

Design entering chilled 
water temperature [◦C]

Tank volume [m3] N/A Auto sized 
Water tank internal 

heating element 
maximum capacity 
[W]/control type/fuel 
type/thermal efficiency 
[− ] 

N/A Auto-sized/cycle/ 
electricity/0.9 

Radiant surface 
condensation control 
type 

N/A Simple off 

AHU type Variable volume Constant volume 
AHU Fan Efficiency [Min: 0.70, 

Int: 0.04, Max: 0.90]/ 
pressure rise: 600 pa/ 
motor efficiency: 0.90 

Efficiency [Min: 0.70, Int: 
0.04, Max: 0.90]/ 
pressure rise: 600 pa/ 
motor efficiency: 0.90 

AHU design supply flow 
rate 

Auto-sized Auto-sized 

AHU Heat recovery 
efficiency [− ]/heat 
exchanger type/Frost 
control type 

92%/plate/none 92%/plate/none  

Fig. 4. Monthly outdoor air temperature for current and future TMYs for Brussels resulted from MAR forced by BCC-CSM2-MR Earth System Model (ESM).  

Table 3 
Summary of weather scenarios in terms of HDD10◦C, HDD18◦C, average yearly temperature, hottest temperature (99%), coldest temperature (1%), and annual cu
mulative horizontal solar radiation.   

HDD10◦C 
[Kh] 

CDD18◦C 
[Kh] 

Average yearly 
temperature [◦C] 

Hottest temperature 
(99%) [◦C] 

Coldest temperature 
(1%) [◦C] 

Annual cumulative horizontal solar 
radiation [kWh/m2] 

2010s 929 294 10.8 29.8 − 7.1 1024.83 
2050s_SSP2 738 342 11.9 29.6 − 2.3 1111.67 
2050s_SSP3 698 343 12.1 31.7 − 3.7 1068.57 
2050s_SSP5 665 390 12.4 31.9 − 4.4 1132.63 
2090s_SSP2 672 364 12.4 31.4 − 6.9 1092.26 
2090s_SSP3 510 488 13.4 34.7 − 1.8 1056.92 
2090s_SSP5 455 569 14 34.5 0.2 1090.91  
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overheating and overcooling discomfort considering zonal comfort 
criteria, respectively. Fig. 5 shows the IOhD and IOcD for different 
climate scenarios assuming the static comfort model for the bedrooms 
and the adaptive comfort model for other zones based on ISO 17772–1 
(see Section 2.4). 

The IOhD increases between 109 and 200% by 2050s and between 
154 and 528% by 2090s. On the other hand, the IOcD decreases between 
11 and 23% by 2050s and between 21 and 32% by 2090s. The over
heating discomfort has relatively more variations compared to the 
overcooling discomfort. It means that the heating system performance 
(i.e., gas-fired boiler coupled to water radiators) will be less affected by 
climate change than the cooling system performance (i.e., natural 
ventilation). It is normal since the effectiveness of natural ventilation is 
highly dependent on outdoor thermal conditions [85]. Therefore, with 
the increase in outdoor air temperatures, the cooling effect of natural 
ventilation will decrease leading to an escalation in the overheating 
discomfort. 

In addition, the results show that the IOhD in the current weather 
scenario (i.e., 2010s) is 85% lower than the IOcD. With the continuation 
of global warming, however, the situation will be reversed. The IOhD 
will become 3.8% and 21% more compared to IOcD considering 
2090s_SSP3 and 2090s_SSP5, respectively. Therefore, it is predicted in 
this paper that the overheating discomfort will overlap the overcooling 
discomfort and will become the major cause of discomfort if the building 
lacks a proper active cooling system. This is in line with the findings of 
[12,35,86–88] that the use of active cooling systems along with the 
passive ones will become inexorable to cope with the overheating 
impact of climate change in buildings. 

The result for the overcooling assessment shows that even though the 
building is equipped with a heating system, the high values between 
0.76◦C to 0.51◦C are resulted for IOcD. It is since the lower limit of 
comfort for the static comfort model is 20◦C, whereas the radiators are 
left half-open by the occupants to meet a set-point temperature of 18◦C 
in the bedrooms and short-presence areas [66]. It makes these zones to 
be accounted as discomfortable during the heating season according to 
the thermal comfort model. Overall, a low heating set-point temperature 
can decrease the final heating energy use but forfeits thermal comfort 
[31]. 

3.3. Primary energy use and GHG emissions 

This section presents the results of the simulations regarding the 
ranges of heating primary energy use, cooling primary energy use, 
HVAC primary energy use, and HVAC GHG emissions for S01 and S02. 
All HVAC components are considered while calculating the HVAC pri
mary energy use and GHG emissions including the heating system, 
cooling system, and mechanical ventilation. Fig. 6 shows the distribu
tion of the heating primary energy use and the cooling primary energy 
use for different variations of the input parameters. The point clouds for 
S01 and S02 are distinguished and colored by the weather scenarios. 
Moving from the current to future weather scenarios, the points tend 
towards lower heating primary energy use and higher cooling primary 
energy use in both S01 and S02. 

Fig. 7 depicts the minimum, maximum, median, mean, 25% quartile, 
75% quartile, and standard deviation for heating, cooling, and HVAC 
primary energy use for S01 and S02 under different weather scenarios. 
To derive the primary energy use, the final energy use is converted using 
the Primary Energy Factor (PEF) 2.5 for electricity from the grid and 1 
for natural gas [89]. The final heating energy use for S01 includes the 
natural gas consumption of the boiler and electricity consumption of the 
pump and for S02 includes the electricity consumption of the 
compressor, the condenser pump, the evaporator fan, and the tank 
supplementary internal heating coil. The final cooling energy use for S01 
includes the electricity consumption of the compressor, the condenser 
fan, and the evaporator fan and for S02 includes the electricity con
sumption of the compressor, the evaporator pump, and the condenser 
fan. 

For heating, S01 has ∼60% more mean heating primary energy use 
compared to S02 averaged over all climate scenarios. The mean heating 
primary energy use for S01 decreases between 19 and 37% from 2010s 
to 2050s and between 34 and 64% from 2010s to 2090s. While for S02, it 
decreases between 24 and 38% from 2010s to 2050s and between 32 and 
74% from 2010s to 2090s. For cooling, S01 has between 37% and 56% 
less mean primary energy use than S02. The lowest value is calculated 
for 2090s_SSP5 and the highest value is calculated for 2010s. It shows 
that S01 has superior cooling energy performance than S02 in the cur
rent climate scenario; however, this superiority will diminish with the 
increase in outdoor temperatures. The mean cooling primary energy use 

Fig. 5. IOhD and IOcD presented by weather scenario.  
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Fig. 6. Scatter plot based on heating and cooling primary energy use colour categorized by weather scenarios for all simulation cases. The point clouds for the case 
with S01 and S02 are distinguished. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Bar plots and box plots showing the heating, cooling, and HVAC primary energy use under different weather scenarios.  
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for S01 increases between 39 and 50% from 2010s to 2050s and between 
43 and 65% from 2010s to 2090s. While for S02, it increases between 21 
and 33% from 2010s to 2050s and between 28 and 50% from 2010s to 
2090s. 

The difference between the mean heating and cooling primary en
ergy use for S02 is between 0.73 and 14.06 kWh/m2. The cooling pri
mary energy use overlaps the heating primary energy use by 2.76 kWh/ 
m2 in 2090s_SSP5 for S02. It is due to the fact that, a) there is a marginal 
difference between the COP of heating and EER of cooling for the 
reversible air-to-water heat pump, and b) the CDD18◦C is 114 Kh more 
than HDD10◦C in 2090s_SSP5. For S01, the difference between the mean 
heating and cooling primary energy use is between 11.07 and 30.66 
kWh/m2 where always the heating primary energy use is more than the 
cooling primary energy use. Even though the climate-related parameters 
(i.e., CDD and HDD) show more need for cooling than heating in 
2090s_SSP5, due to the relatively low efficiency of the gas-fired boiler in 
S01, it remains the major energy consumer in the HVAC system. 

Overall, because of lower final heating energy use in S02, the final 
HVAC energy use is ∼29.04 kWh/m2 less in S02 compared to S01. The 
difference becomes smaller in terms of the primary energy use due to 
higher PEF of the electricity than natural gas. S02 has ∼4.84 kWh/m2 

less HVAC primary energy use compared to S01. The HVAC primary 
energy use decreases ∼7% for S01 and ∼4% for S02 by 2090s compared 
to 2010s. 

The HVAC GHG emissions are calculated using the electricity and 
natural gas emission intensity derived from the European Environment 
Agency (EEA) and the report by Joint Research Center (JRC) of the 
European Commission (EC) [90]. Electricity’s GHG intensity is assumed 
to be 0.161 tCO2e/MWh and the natural gas’s emission intensity is 
assumed to be 0.240 tCO2e/MWh. Fig. 8 shows the GHG emissions 
related to heating, cooling, and ventilation for S01 and S02. It shows a 
decrease in future GHG emissions that is closely in relation to the 
warming weather conditions and the decrease in building heating pri
mary energy use. Overall, the HVAC GHG emissions for S02 is lower 
between 15 and 27% than S01 thanks to lower HVAC primary energy 
use and lower emission intensity for electricity than natural gas. For S01, 
the mean HVAC GHG emissions decreases 14%, while for S02, a 
decrease of 3% is resulted by 2090s. Table B1 in Annex B summarizes the 
minimum, maximum, median, mean, 25% quartile, 75% quartile, and 
standards deviation for heating, cooling, and HVAC primary energy use 
as well as GHG emissions. 

3.4. Sensitivity analysis 

In this section, the results of Sensitivity Analysis (SA) are presented. 
Fig. 9 depicts the parallel coordinates showing the interactions between 
the input and output parameters during the SA process. Fig. 10 plots the 
Morris SA outcomes considering the HVAC primary energy use as the 
output parameter. In Fig. 10, the standard deviation of elementary effect 
(sigma) is an expression of the interaction effect of each input parameter 
(e.g., W, T, P0, P1, …) (i.e., high-order or curvature effects) on the 
output parameter (i.e., HVAC primary energy use). And, the absolute 
mean of elementary effect (Mu*) is a measurement of the overall effect 
of each input parameter (e.g., W, T, P0, P1, …) on the output parameter 
(i.e., HVAC primary energy use) avoiding the cancellation effect [91, 
92]. The SA is performed for both S01 and S02 individually and com
bined (i.e., considering the building model as a discrete input parameter 
“M"). 

The findings of this study show that the most influential parameters 
considering, a) only S01 are cooling set-point “P7”, weather scenario 
“W", and heating set-point for living & kitchen and office “P5”, b) only 
S02 are fan efficiency “P4”, heating COP “P0”, and cooling set-point 
“P7”, and c) both S01 and S02 are building model (HVAC strategy) 
“T”, heating set-point for living & kitchen and office “P5”, and cooling 
set-point “P7”. 

Fig. 10 shows that the standard deviation is always strictly positive, 
therefore none of the influential parameters has a perfectly linear effect 
on the outcomes. For only S01 case, the largest values of standard de
viation (sigma) tend to be associated with the most influential param
eters (“P7” and “W”). Therefore, “P7” and “W” are influential and non- 
linear/interacting parameters for only S01 case. It means that there is a 
link between those parameters’ amount of influence and their involve
ment in the curvature effects (i.e., interaction effects). On the other 
hand, the most influential parameters, “P4”, “P0”, and “P7” for only 
S02 case and “T”, “P5”, and “P7” for both S01 and S02 case, are not 
associated with the highest values of sigma. Therefore, those parameters 
are influential and non-interacting, meaning that while the magnitude of 
their effect is consistently high for the perturbations in the parameter 
space, the variation of their elementary effect is quite minor. 

The average impact of “W" for the combined case (S01 & S02) is low, 
but the standard deviation is high. This suggests that in particular cir
cumstances (associated with the implementation of S01 system), the 
weather scenario can have a significant impact on the HVAC primary 

Fig. 8. Bar plots (means) and box plots of GHG emissions by HVAC systems for different weather scenarios.  
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energy use. Table 4 summarizes the input parameters for SA and Morris 
stats for all cases. 

4. Discussion 

4.1. Findings and recommendations 

According to the Intergovernmental Panel on Climate Change 
(IPCC), the average global air temperature increased during the past 100 
years and will continue to increase due to the release of GHG into the 
atmosphere. In this paper, the future weather data (MAR BCC-CSM2-MR 
based on SSP2, SSP3, and SSP5 scenarios) for Brussels city show an in
crease in the mean annual air temperature ∼1.33◦C by 2050s and 
∼2.46◦C by 2090s. As shown in Fig. 4, with the continuation of global 

warming, the cooling seasons will be further extended to the shoulder 
seasons. The winter seasons will become warmer, and the outdoor air 
temperatures in the range of ∼15◦C to ∼18◦C will be experienced more. 
Also, the heatwave events can take place more frequently during the 
cooling season (i.e., in close occasions) which can make the recovery 
stage [93] for buildings troublesome. Overall, the future trends of out
door air temperature show that the cooling energy demand in buildings 
will increase, in addition to the peak cooling loads, whereas the heating 
energy demand and peak heating loads will decrease. 

The results in Fig. 5 show an increase up to ∼324% in overheating 
discomfort and a decrease up to ∼28% in overcooling discomfort by 
2090s. It means that climate change is negatively correlated with the 
comfort of hot summer days and positively correlated with the comfort 
of cold winter days. In addition, the rise of internal gains due to growing 

Fig. 9. Parallel coordinates to show the interactions between the input and output parameters in multi-dimensional space of Morris SA (combined case). The lines are 
colored by HVAC primary energy use. 

Fig. 10. The Morris sensitivity analysis results, sigma presented by Mu*. The analyses are run for S01 and S02, individually and combined. The output parameter is 
HVAC primary energy use. 
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occupancy densities, lifting up comfort expectations, and ageing popu
lation growth are reported in previous studies [94–96]. The above will 
increase the use of active cooling technologies to guarantee favourable 
and safe indoor thermal environments in the future. 

As mentioned earlier, buildings in EU have a major share in energy 
consumption and GHG emissions. Enhancing building energy efficiency 
thus plays a critical part in reaching the European Green Deal’s ambi
tious objective of carbon neutrality by 2050. Improvements in building 
design and systems (e.g., high insulation, efficient electricity-based 
HVAC systems, etc.) may reduce the direct GHG emissions from the 
buildings, but it shifts the emissions to the electricity or heating pro
duction sector. As shown in Section 3.3, the replacement of a gas-fired 
boiler + AC with a more efficient reversible heat pump can decrease 
the final energy use of the building. Whereas, by converting the final 
energy use to the primary energy use, the difference in the primary 
energy use between both systems becomes very small (due to the high 
Primary Energy Factor “PEF” for electricity). Therefore, to benefit more 
from the electrification in buildings in reducing the GHG emissions, it is 
necessary for the electricity sector to, 1) reduce the losses during the 
conversion and transformation process (e.g., transmission losses, dis
tribution losses, fuel processing, etc.), and 2) move more towards dec
arbonized or renewable energy. 

According to the results, S02 shows 15–27% lower GHG emissions 
than S01, considering the current electricity supply conditions (i.e., PEF 
and energy mix) in Belgium. It shows that the transition from fossil fuel- 
based (e.g., S01) to more efficient and electricity-based (e.g., S02) HVAC 
systems can assist a country like Belgium in achieving carbon neutrality 
and helps in the fight against climate change. It is since, in Belgium, the 
electricity is generated mostly from renewable energy sources such as 
wind, solar, and hydro as well as nuclear power [97], implying that 
future increases in electricity use for heating and cooling will have 
minimal effects on GHG emissions. 

To summarize the significant recommendations, the list below is 
provided:  

• To compensate for the rise of cooling demand in buildings because of 
climate change, it is recommended to consider highly efficient active 
cooling systems in combination with passive cooling techniques 
during the construction of new buildings and the renovation of 
existing ones.  

• In the Belgian context, it is recommended to support electricity- 
based HVAC systems to enhance the carbon neutrality of buildings. 
This is valid due to the current energy mix for electricity production 

in Belgium [97]. The generalizability of the idea to other regions 
needs further provisions.  

• It is recommended to further explore the potential of the reversible 
air-to-water heat pump coupled with a proper ventilation system as 
promising heating and cooling strategy in buildings.  

• It is also recommended to implement IOhD and IOcD as principal 
indicators in time-integrated discomfort evaluations. Designers and 
decision-makers can use these indicators for a multizonal evaluation 
of time-integrated discomfort under the operation of different HVAC 
systems. 

4.2. Strengths and limitations 

The first strength of the study relies on the validity of the weather 
data used for the simulations. The weather data in this study are based 
on the MAR model that has a high spatial resolution (∼5 km), detailed 
parameterization (takes into account the mesoscale phenomena), and is 
tuned for the studied region (i.e., Belgium). The study’s strength also 
relates to the selection of a reference building model that represents 
nearly zero-energy terraced dwellings in Belgium. The simulation model 
was developed and calibrated in a previous study by some authors of the 
current paper [66]. This study also compares two commonly applied 
HVAC strategies in Belgium (gas-fired boiler + AC and reversible 
air-to-water heat pump) providing detailed information on the system 
design and sizing. Another strength of the study relates to the applica
tion of Uncertainty Analysis (UA) and Sensitivity Analysis (SA). This 
allows not only to take into account the uncertainties in the HVAC input 
parameters but also to find the most influential factors affecting the 
HVAC primary energy use. 

However, the study has some limitations. First, in determining time- 
integrated discomfort, it is also vital to consider relative humidity and 
other comfort factors such as clothing insulation, metabolic rate, and air 
velocity. Within the current study’s evaluation paradigm, those criteria 
are ignored. Second, subjective ranges of uncertainty are defined due to 
the scarcity of data on future predictions of the parameters character
izing the performance of the selected HVAC systems. Third, the degra
dation of the HVAC systems over time and their replacement with new 
technologies are neglected. Fourth, the study assesses only three periods 
(e.g., 2010s, 2050s, and 2090s) based on three SSPs (SSP2, SSP3, and 
SSP5), disregarding the intermediate periods (e.g., 2030s, 2040s, 2060s, 
etc.) or other SSP scenarios (e.g., SSP1-1.9 “very low GHG emissions” and 
SSP1-2.6 “low GHG emissions”). Therefore, more accurate studies are 
suggested to overcome the limitations of this paper. 

Table 4 
Sensitivity analysis input parameters and Morris stats.   

Parameter Type [Discrete values]/[Min., Int., Max.] Num. of 
values 

Mu Mu* Sigma 

S1 S2 S1 & 
S2 

S1 S2 S1 & 
S2 

S1 S2 S1 & 
S2 

W Weather data Disc. [2010s, 2050s_SSP2, 2050s_SSP3, 
2050s_SSP5, 2090s_SSP2, 2090s_SSP3, 
2090s_SSP5] 

7 − 6.13 − 2.30 − 3.72 6.21 2.65 4.12 5.23 3.42 4.28 

T Building model (HVAC 
strategy) 

Disc. [Reversible heat pump, gas-fired boiler 
+ AC] 

2 – – − 5.26 – – 5.55 – – 3.60 

P0 HP heating COP Disc. [4.6,0.5,7.6] 7 – − 7.01 − 3.85 – 7.01 3.85 – 2.05 3.97 
P1 Gas-fired boiler eff. Disc. [0.88,0.02,0.98] 6 − 2.83 – − 1.41 2.83 – 1.41 0.50 – 1.46 
P2 HP cooling EER Disc. [5.4,0.5,8.4] 7 – − 3.53 − 1.67 – 3.53 1.67 – 1.11 1.92 
P3 AC cooling EER Disc. [5.8,0.5,8.8] 7 − 2.67 – − 1.30 2.67 – 1.30 1.22 – 1.55 
P4 Fan eff. Disc. [0.7,0.04,0.9] 6 − 4.90 − 7.12 − 1.45 4.90 7.12 2.20 0.98 0.85 0.56 
P5 Heating Set point 

(Living & Kitchen and 
office) 

Disc. [20,0.5,22] 5 5.72 4.93 5.09 5.72 4.93 5.09 0.52 1.15 1.11 

P6 Heating set point (Beds. 
and short- presence 
areas) 

Disc. [17,0.5,19] 5 3.92 1.64 2.75 3.92 1.64 2.75 0.69 0.65 1.40 

P7 Cooling set point Disc. [23,0.5,25] 5 − 9.63 − 6.07 − 4.31 9.63 6.07 4.31 1.50 1.13 2.08  
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4.3. Implication on practice and future research 

Interpreting the outcomes of the current study implies that future 
revisions of the building codes and regulations must provide provisions 
regarding the use of active cooling systems. They must include over
heating criteria beyond there is a need for the installation of active 
cooling systems. The overheating compliance must be achieved not only 
considering the current climate conditions but also for the standardized 
future climate predictions. The provisions must also incorporate the 
maximum allowable limits for cooling energy use in addition to the 
limits for heating energy use. The study enlightens the building de
signers and professionals regarding the design for climate change. In 
heating-dominated regions such as Brussels, the focus is mainly to pre
serve the heat during the winter season to reduce heating energy use, 
whereas this study shows that overheating and cooling energy use will 
become dominant in the future. Therefore, together with the comfort 
and efficiency standards, prudent building design is a key measure to 
avoid inefficient and uncomfortable units in the coming decades. 

This study reveals some future research ideas. First, future research is 
recommended to perform the same study and compare the results by 
implementing the weather data obtained from other sources such as 
CORDEX, Meteonorm, WeatherShift, and CCWorldWeatherGen. Second, 
it is recommended for future research to analyze the reference buildings 
representing other building typologies (detached single-family houses, 
apartment blocks, etc.). Third, future research is encouraged to evaluate 
other HVAC technologies with more accurate prospective value ranges 
characterizing their performance. Fourth, future study is needed to 
enhance the suggested time-integrated discomfort indices (i.e., IOcD and 
IOhD). To better reflect the occupant’s thermal experience, the new 
metrics should incorporate more comfort parameters such as relative 
humidity, metabolic rate, clothing factor, and air velocity. 

5. Conclusion 

This paper provides a climate change impact assessment for a nearly 
Zero-Energy dwelling in terms of time-integrated discomfort, HVAC 
energy performance, and HVAC GHG emissions. In total, seven weather 
scenarios are used based on regional climate model (MAR) “Modèle 
Atmosphérique Régional” including, the TMYs for 2001–2020 (2010s), 
2041–2060 (2050s: SSP2, SSP3, and SSP5), and 2081–2100 (2090s: 
SSP2, SSP3, and SSP5). In the first stage, a time-integrated discomfort 
assessment is carried out on the naturally ventilated base case. In the 
second stage, two commonly applied HVAC strategies including a gas- 
fired boiler + an air conditioner (AC) (S01) and a reversible air-to- 
water heat pump (S02) are compared. It is concluded that.  

• based on the climate data resulted from MAR forced by BCC-CSM2- 
MR Earth System Model (ESM), climate change will decrease 
HDD10◦C by 42% and increase CDD18◦C by 60% averaged over three 
emission scenarios (i.e., SSP2, SSP3, and SSP5) in Brussels by 2090s. 
Such variations are expected to shift this region from a heating- 
dominated to a cooling-dominated one.  

• with the continuation of global warming, the overheating risk 
quantified by Indoor Overheating Degree (IOhD) metric will increase 
between 154 and 528%, whereas the overcooling risk quantified by 
Indoor Overcooling Degree (IOcD) metric will decrease between 21 
and 32% by the end of this century. It is estimated that the over
heating risk may overlap the overcooling risk by 2090s under the 
high emission scenario (i.e., SSP5).  

• by 2090s, the HVAC primary energy use decreases ∼7% for S01 and 
∼4% for S02. For S01, the HVAC GHG emissions decrease 14%, while 
for S02, a decrease of 3% is predicted by 2090s. Overall, the HVAC 
GHG emissions for S02 is lower between 15 and 27% than S01 thanks 

to lower heating primary energy use and carbon emission intensity 
for electricity than natural gas.  

• the most influential parameters on the HVAC primary energy use are, 
a) heating set-point, cooling set-point, and weather scenario for S01, 
and b) fan efficiency, heating COP, and cooling set-point for S02. The 
choice of the HVAC system is the most influential parameter while 
considering it as an input parameter for the sensitivity analysis. 
Therefore, the selection of the HVAC system during the early-design 
stages plays a crucial role in determining the energy efficiency in 
buildings. 

Overall, to reach the EU objective of 55% reduction in emissions by 
2030 (Fit for 55), it is necessary to advance in four aspects of, a) 
embracing the end-user electrification in the residential sector, b) 
improving the efficiency of the building systems, c) reducing the losses 
during the conversion and transformation process for electricity pro
duction, and d) decarbonization of the electricity sector. For this to 
happen, the current energy renovation rates [98] and replacement of 
traditional building systems should be accelerated in parallel to 
increasing the efficiency and share of renewable energy sources in the 
electricity sector. 
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Appendix A 

Table A.1 summarizes the envelope and operational characteristics of the reference building used for the current study. The building was con
structed in the 1930s and renovated after 2010. It was shifted from D to A grade after the renovation according to the Energy Performance Certificate 
(EPC) rating scheme.  

Table A.1 
General description of the case study [66].  

Description Value 

Number of floors 3 
Total area [m2] 259 
Conditioned area [m2] 173 
Unconditioned area [m2] 86 
Number of occupants 4 
Total volume [m3] 873 
Window-wall ratio [%] 19 
Window U-value [W/m2K] 1.2 
Window G-value [− ] 0.6 
Solar Heat Gain Coefficient (SHGC) [− ] 0.6 
Wall surface absorptance [− ] 0.9 
External wall U-value [W/m2K] 0.4 
Roof U-value [W/m2K] 0.3 
Ground U-value [W/m2K] 0.3 
Attic floor U-value [W/m2K] 0.8 
Airtightness (50 Pa m3/h.m2) [ACH] 1.58 
Occupancy density [m2/person] 43 
Lighting power density [W/m2] 8–10 
Occupancy, lighting, and equipment schedules Ref. [66] 
Holidays (Easter) start: 30/03 end: 05/04, total: 7 days 

(Summer) start: 01/08 end: 155/08, total: 15 days 
(All saint’s day) start: 28/10 end: 05/11, total: 7 days 
(Christmas) start: 24/12 end: 01/01, total: 7 days  

Appendix B 

Table B.1 summarizes the minimum, maximum, median, mean, 25% quartile, 75% quartile, and standard deviation for heating, cooling, and HVAC 
primary energy use as well as HVAC GHG emissions.  

Table B.1 
Minimum, maximum, median, mean, Q1 (25%), Q3 (75%), and standard deviation of heating, cooling, and HVAC primary energy use, and HVAC GHG emissions for 
the simulation cases.   

No. 
cases 

Min. heating/ 
cooling/HVAC/ 
GHG emiss. 

Max. heating/ 
cooling/HVAC/ 
GHG emiss. 

Med. Heating/ 
cooling/HVAC/ 
GHG emiss. 

Mean heating/ 
cooling/HVAC/ 
GHG emiss. 

Q1 (25%) heating/ 
cooling/HVAC/ 
GHG emiss. 

Q3 (75%) heating/ 
cooling/HVAC/ 
GHG emiss. 

StdDev. heating/ 
cooling/HVAC/ 
GHG emiss. 

2010s 
S01 

485 26.61/1.49/ 
56.43/2.32 

41.97/7.01/ 
72.04/3.03 

33.94/3.05/ 
64.09/2.66 

33.97/3.31/ 
64.22/2.67 

31.49/2.28/62.19/ 
2.57 

36.37/4.23/66.46/ 
2.76 

3.25/1.20/2.90/ 
0.13 

2010s 
S02 

493 14.34/4.47/ 
47.61/1.74 

32.66/12.52/ 
68.93/2.53 

21.46/7.48/ 
56.16/2.06 

21.63/7.56/ 
56.88/2.08 

18.26/6.12/53.49/ 
1.96 

24.37/8.84/60.49/ 
2.22 

3.96/1.68/4.50/ 
0.16 

2050s 
SSP2 
S01 

410 20.27/2.53/ 
52.69/2.14 

37.05/9.73/ 
70.81/2.92 

28.72/5.28/ 
60.89/2.51 

28.49/5.51/ 
61.07/2.51 

26.56/3.93/58.92/ 
2.41 

30.18/6.80/63.37/ 
2.61 

2.72/1.77/3.17/ 
0.13 

2050s 
SSP2 
S02 

503 11.69/5.98/ 
46.41/1.70 

27.60/15.35/ 
66.69/2.44 

16.86/9.25/ 
53.93/1.97 

17.38/9.57/ 
54.49/2.00 

15.05/7.90/51.40/ 
1.88 

19.31/10.84/ 
57.42/2.10 

3.17/2.11/3.93/ 
0.14 

2050s 
SSP3 
S01 

411 19.95/2.63/ 
52.11/2.10 

35.69/10.32/ 
68.43/2.81 

26.35/5.31/ 
59.18/2.42 

26.71/5.50/ 
59.41/2.43 

24.64/4.21/57.28/ 
2.33 

28.75/6.51/61.67/ 
2.53 

2.92/1.68/3.15/ 
0.13 

2050s 
SSP3 
S02 

479 11.41/6.52/ 
45.88/1.68 

26.65/16.35/ 
66.30/2.43 

15.68/10.48/ 
54.16/1.98 

16.35/10.59/ 
54.65/2.00 

13.99/8.83/51.91/ 
1.90 

18.48/11.93/ 
56.98/2.09 

2.99/2.21/3.96/ 
0.14 

2050s 
SSP5 
S01 

465 18.26/3.37/ 
51.43/2.07 

32.05/11.68/ 
67.45/2.75 

24.56/6.48/ 
58.79/2.40 

24.71/6.66/ 
58.87/2.39 

22.36/5.31/56.74/ 
2.30 

26.81/7.81/60.97/ 
2.49 

2.99/1.81/3.11/ 
0.13 

2050s 
SSP5 
S02 

482 10.56/7.31/ 
46.81/1.71 

24.08/17.17/ 
68.77/2.52 

15.17/11.24/ 
54.24/1.99 

15.63/11.35/ 
54.29/1.99 

13.31/9.43/51.49/ 
1.89 

17.31/12.81/ 
56.84/2.08 

2.96/2.30/3.74/ 
0.13 

(continued on next page) 
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Table B.1 (continued )  

No. 
cases 

Min. heating/ 
cooling/HVAC/ 
GHG emiss. 

Max. heating/ 
cooling/HVAC/ 
GHG emiss. 

Med. Heating/ 
cooling/HVAC/ 
GHG emiss. 

Mean heating/ 
cooling/HVAC/ 
GHG emiss. 

Q1 (25%) heating/ 
cooling/HVAC/ 
GHG emiss. 

Q3 (75%) heating/ 
cooling/HVAC/ 
GHG emiss. 

StdDev. heating/ 
cooling/HVAC/ 
GHG emiss. 

2090s 
SSP2 
S01 

515 19.55/2.89/ 
50.63/2.04 

34.02/10.62/ 
66.79/2.73 

25.00/5.60/ 
58.43/2.39 

25.24/5.82/ 
58.49/2.38 

23.32/4.43/56.52/ 
2.30 

26.90/6.93/60.66/ 
2.48 

2.61/1.72/2.98/ 
0.13 

2090s 
SSP2 
S02 

481 11.24/6.49/ 
45.47/1.66 

25.37/16.27/ 
66.02/2.42 

15.90/10.46/ 
54.81/2.01 

16.29/10.61/ 
55.21/2.02 

13.93/8.93/51.88/ 
1.90 

18.37/12.22/ 
58.43/2.14 

2.88/2.14/4.14/ 
0.15 

2090s 
SSP3 
S01 

509 15.56/4.54/ 
50.51/2.01 

29.00/14.36/ 
64.98/2.62 

21.94/7.76/ 
57.13/2.29 

22.16/8.04/ 
57.28/2.31 

20.49/6.41/54.96/ 
2.21 

23.96/9.52/59.43/ 
2.40 

2.51/2.14/3.19/ 
0.13 

2090s 
SSP3 
S02 

463 9.19/8.86/45.83/ 
1.68 

20.94/18.03/ 
64.19/2.35 

13.28/12.90/ 
52.47/1.92 

13.78/13.04/ 
53.30/1.95 

11.64/11.32/ 
50.79/1.86 

15.83/14.63/ 
55.90/2.05 

2.67/2.24/3.60/ 
0.13 

2090s 
SSP5 
S01 

433 14.93/5.69/ 
50.12/1.99 

26.79/16.68/ 
68.41/2.74 

20.43/9.25/ 
58.01/2.33 

20.62/9.54/ 
57.92/2.32 

18.98/7.95/55.45/ 
2.21 

22.42/10.89/ 
50.11/2.41 

2.47/2.21/3.35/ 
0.14 

2090s 
SSP5 
S02 

470 7.84/9.90/45.96/ 
1.68 

19.99/21.16/ 
65.47/2.40 

12.20/15.16/ 
54.15/1.98 

12.41/15.17/ 
54.53/2.00 

10.73/13.02/ 
51.97/1.90 

13.86/17.29/ 
57.01/2.09 

2.25/2.71/3.64/ 
0.13 

∎ Heating, cooling, and HVAC primary energy use: [kWh/m2], HVAC GHG emissions: [ton]. 
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