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Abstract: Rising temperatures, increase in population, and dense urban morphology have resulted
in increased cooling energy demands. The conventional degree-days method to calculate cooling
energy demand considers only the sensible heat load of air and neglects the latent component. This
study aims to estimate the cooling degree days based on the heat index (by considering both the
sensible and latent loads) for the current and future years (2050 and 2080). Further, the ventilation
load index for each of these cities has been established to unlock the impact of ventilation on the
building’s total energy consumption for current and future years. The results show that heat index-
based degree days have a stronger relationship with the buildings’ cooling energy consumption
and, therefore, can predict the cooling energy demand of buildings with 20% higher accuracy than
conventional temperature-based degree days. Analysis shows that cooling degree-days and frequency
of temperature above the comfort range continue to increase in Pakistan, highlighting increased
degree-days in the range from 11.0 to 41.6% by 2050 and from 28.4 to 126.5% by 2080. Prompt
actions are essential to enhance the resilience of Pakistan’s national grid to meet these future cooling
energy demands.

Keywords: cooling degree days; buildings; climate change; heat index; ventilation load index

1. Introduction

Greenhouse gas (GHG) emissions are the primary factor that causes global warming.
The built environment is the largest energy-consuming sector globally, accounting for 35%
of world energy and contributing to 38% of global energy-related emissions [1]. The built
environment uses energy for space cooling, heating, lighting, hot water, and running other
electrical devices. The residential sector is the most energy-intensive and leading sub-sector
inside the built environment. This sector constitutes 22% of the world’s primary energy
consumption and emits 17% of CO2 emissions [1]. Climate change is causing increased
frequency and intensity of heat waves and extreme heat exposure. Extreme heat poses a
significant risk to public health and can severely affect human health and mortality rates.
Increasing heat can cause various health problems, including dehydration, heat stroke, and
other heat-related illnesses, and can also exacerbate pre-existing health conditions such as
respiratory issues.

Several factors like increased population density, urbanisation, transport emissions,
and rising outdoor temperatures, have led to a substantial surge in the energy requirements
of the building sector when it comes to providing indoor thermal comfort [2,3]. Notably,
the energy demand for space cooling has surged threefold between 1990 and 2016 and
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continues to grow faster than other energy end uses within buildings [4]. In this context, it
is paramount to establish a reliable framework for forecasting energy consumption related
to space cooling. Such forecasts are crucial for shaping effective policies to meet a country’s
present and future energy demands.

The effect of climate change on a building’s thermal energy needs is different in
different parts of the world. A robust and versatile climate indicator for better estimating
current and future energy needs for cooling could help devise the future strategy to meet
energy needs and effective energy codes for the building sector in response to changing
climate. One of the most common methods of estimating and analysing buildings’ thermal
energy demands is the cooling and heating degree days (CDDs and HDDs) method. Annual
degree days (DDs) are calculated by integrating the differences in temperatures (i.e., ∆T
between outdoor dry bulb temperature and a base temperature) for the whole year [5].
According to the American Society of Heating Ventilation and Air-Conditioning Engineers
(ASHRAE), the base temperature, also known as balance point temperature, refers to a value
of outdoor dry bulb temperature at which human comfort is achieved without operating
cooling or heating systems. In other words, the base temperature is a fundamental notation
that explains the relationship between climate, occupancy, building construction design,
and the energy flow paths in a building [6]. Table 1 summarises published studies where
researchers used conventional dry bulb temperature (DBT) based DDs method to calculate
CDDs/HDDs for different countries. Nevertheless, the calculation of conventional DDs
relying solely on the dry bulb temperature overlooks the latent component of outdoor
air, focusing solely on its sensible load. In numerous regions, the latent load constitutes a
substantial portion of the overall load. Using the conventional DDs calculation method for
such sites could lead to an inaccurate estimation of cooling energy demands. A more robust
analysis of building energy consumption could be gained by integrating both components
of thermal load, i.e., sensible and latent loads. As highlighted by Scot et al. [7], humidity
emerges as a significant factor influencing total building energy use. Similarly, in a study
conducted by Yang et al. [8], the ambient temperature and humidity data were utilized as
input for the building energy simulations to evaluate the impacts of urban local climate on
the cooling and heating energy demands of a typical residential building in China.

Therefore, to calculate a building’s cooling energy demands with better accuracy,
considering both sensible and latent loads, DDs have been computed based on the Heat
Index (HI). This index includes both DBT and relative humidity of outdoor air and, thus,
incorporates both the sensible and latent components [9]. In other words, it is a measure
when relative humidity is factored in with the actual air dry-bulb temperature. DDs
calculation based on HI instead of only DBT could result in better estimation and forecasting
of cooling energy consumption for different regions.

Table 1. Summary of temperature-based degree day published studies.

Author Country of
Study/No. of Cities Data Period Reference

Al-Hadharami (2013) Saudi Arabia/38 1970 to 2006 (37 years) [10]

Altan (2009) Turkey/79 1985 to 2005 (21 years) [11]

Berger and
Worlitschek (2019) Switzerland 1980 to 2100 [12]

Bhatnagar et al. (2018) India/60 2018 [6]

Delphine et al. (2020) Belgium/11 1976 to 2004 (28 years) [13]

Elizbarashvili et al. (2018) USA/01 1961to 1990 (29 years) [14]
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Table 1. Cont.

Author Country of
Study/No. of Cities Data Period Reference

Indraganti and
Boussaa (2017) Saudi Arabia/05 2005 to 2014 (9 years) [15]

Islam et al.(2020) Bangladesh/27 1980 to 2017 (37 years) [16]

Lee et al. (2014) South Korea/35 2001 to 2010 (10 years) [17]

Mehrabi et al. (2011) Iran/30 Data range
not mentioned [18]

Morakinyo et al. (2019) Hong Kong/41 1970 to 2015 (45 years) [19]

Orhan et al. (2001) Turkey/78 1981 to 1998 (17 years) [20]

Rehman et al. (2011) Saudi Arabia 1970 to 2006 (37 years) [21]

Rosa et al. (2015) Italy 1978 to 2013 (35 years) [22]

Suárez and Díaz (2019) Dominican
Republic/65 1998 to 2015 (18 years) [23]

Verbai et al. (2014) Hungary/25 1961 to 2010 (50 years) [24]

Viorel and Zamfir (1999) Romania/29 1947 to 75 (28 years) [25]

Ventilation load is the introduction of fresh outdoor air into the building zones to provide
a clean, healthy, and odour-free environment. Recently, standards have recommended higher
ventilation rates for improving indoor air quality inside buildings to meet occupants’ metabolic
needs and dilute and remove indoor pollutants. It is estimated that ventilation load accounts
for 30% of space conditioning loads [26,27]. Some codes define minimum ventilation rates in
different building zones based on l/s per m2 of floor area or l/s per person. Still, there is no
maximum limit for ventilation loads. Unnecessary high ventilation rates could be a burden
on building cooling needs. There is always a conflict between maximizing ventilation rates
to enhance indoor air quality and minimizing ventilation rates to reduce energy related
to ventilation loads. So, for the rationale of ventilation, designers need to understand the
energy required to treat ventilation loads considering local weather conditions.

The effect of ventilation on total energy consumption differs in different climates
due to variations in local weather conditions. The applicability of the conventional DDs
method for a large-scale building with central air conditioning and ventilation system
is questionable as it does not consider the ventilation load. In such built environments,
outdoor air (usually at higher temperatures) is mixed with the return air, which changes
the room air’s sensible and latent load components. The ventilation load index (VLI) could
be an appropriate solution for such studies. VLI is the thermal load (kWh) generated by
one litre per second of fresh air brought to the building zone conditions for one year [28].
VLI considers sensible and latent components of the ventilation air. The VLI can be used
to compare ventilation loads in different geographic locations. Availability of data related
to a sensible and latent component of VLI for other regions and their impact on the total
energy consumption could help better estimate cooling energy consumption and selection
of air conditioning equipment to handle ventilation loads. Further, it could help develop
effective policies and building codes for better thermal comfort inside building zones and
minimize cooling loads. The knowledge of cooling degree days and ventilation load index
for future years is helpful for policymakers to enhance the resilience of the national grid to
meet these demands.

For this study, Pakistan is considered a case study as it is blessed with a unique
range of altitudes from sea level to the second-highest mountains in the world. This
variation in altitude gives a variety of climatic regions with huge temperature and absolute
humidity ratio differences in different regions. Northern areas at higher elevations are
considered cold regions, whereas its central parts, i.e., Punjab and Sindh, are extremely
hot. Humidity near the southern coastal areas is higher; these regions are considered warm
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and humid. With the increasing urbanisation and rising global temperature, Pakistan is
one of the countries suffering from severe heat waves, resulting in the loss of lives. The
building sector in Pakistan is the highest energy-consuming sector, with a share of 55%
of the country’s total electricity consumption [29,30]. The government is facing a severe
energy shortage. Especially during summer, the gap between supply and demand becomes
wider, resulting in unscheduled load shedding of electricity. The increased number of
air conditioners is already responsible for increased load shedding during the summer
months, and there are limited available data regarding the future cooling energy demands
in Pakistan. Having a good knowledge of cooling degree days and the energy required
for ventilation in different regions of Pakistan could help forecast future cooling energy
demands, which would indirectly help policymakers in developing effective policies and
regulations. At present, no study shows the future cooling energy needs and the impact of
climate on ventilation loads in different parts of the country.

The blend of the existing literature underscores a prevalent trend where a substantial
portion of research on Heating Degree Days (HDDs) and Cooling Degree Days (CDDs)
has mainly focused on singular weather variables, i.e., ambient temperature. Recognizing
the pivotal role of humidity in the comprehensive assessment of heating and cooling
load demands within building environments, this study proposes a new Degree Days
(DD) calculation methodology. This innovative approach incorporates both sensible and
latent loads, offering an enhanced framework for accurately estimating the cooling energy
requirements across diverse regions of Pakistan. By integrating these dual components,
our methodology aims to provide a more nuanced and comprehensive understanding of
the dynamic factors influencing energy demand in building thermal management.

This study aims:

• To calculate and compare DDs for 39 cities of Pakistan based on DBT and HI;
• To develop a DDs map of Pakistan based on the HI;
• To establish a relationship between cooling thermal area energy density needs and DDs;
• To calculate thermal area energy density needs for annual space cooling for a residential

building in distinctive climates of Pakistan;
• To investigate the impact of climate change on thermal energy needs for cooling;
• To investigate the impact of climate change on ventilation load for different cities

of Pakistan.

2. Methodology

The conceptual framework employed in this research is shown in Figure 1. Overall
work can be divided into the following main parts: (1) creation of future weather files;
(2) calculation of degree days based on temperature and heat index; (3) calculation of
ventilation load index; (4) spatial maps with ArcGI; (5) numerical model of a building
to calculate cooling energy demand; and (6) comparison of temperature and heat index
based degree days with numerical model results. In Section 2.1, the methodology for
generating future weather files is explained. Section 2.2 discusses the methods employed
for calculating degree days based on dry bulb temperature and heat index, while Section 2.3
discusses the methods for calculating the ventilation load index. The last two subsections
(Sections 2.4 and 2.5) detail the validated numerical model developed within the TRNSYS
simulation framework.

2.1. Climate Data

Emission scenarios defined by the Intergovernmental Panel on Climate Change (IPCC)
are essential inputs for Global Climate Models (GCMs), the most complex models for
forecasting climate change. GCMs mathematically simulate the general circulation of a
planetary atmosphere, representing interactions between the atmosphere, ocean, and land
surface, ultimately predicting Earth’s climate changes over time. While GCM models
predict meteorological parameters, they typically provide monthly data with a resolution
spanning 100–200 km at various altitudes. However, this level of detail is insufficient for
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building simulation tools, as many building systems require hourly simulation data. The
morphing technique developed by Belcher et al. is used to downscale monthly data to
hourly resolution [31]. The University of Southampton’s Energy and Climate Change group
developed the Climate Change World Weather File Generator (CCWorldWeatherGen) tool
based on this technique. This tool transforms original EnergyPlus weather files into ‘climate
change’ weather files and has been widely used by researchers [31–34]. More details about
this tool can be found in [35,36]. In this study, we collected current typical weather files
for 39 cities in Pakistan from ‘Climate.OneBuilding.Org’ [37], an online repository of free
climatic data for energy modelling, and future weather files (2050 and 2080) were created
CCWorldWeatherGen v1.8.
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2.2. Cooling Degree Days Calculations

This section is divided into two subsections. The first section (Section 2.2.1) discusses
the temperature-based cooling degree days methodology. The second section (Section 2.2.2)
defines the heat methods index-based cooling degree days. The details are provided in the
following sections.

2.2.1. Temperature-Based Cooling Degree Days

In this section, the temperature-based cooling degree day method is discussed. Based
on hourly weather data, Equation (1) was used to calculate annual cooling degree days.

CDDyearly,temp =
∑8760

i=1 (Ta,i − Tb)
+

24
(1)

where Ta shows hourly ambient temperature, i indicates the respective hour of the year,
and + indicates that only positive differences between ambient and base temperatures are
considered. Tb is called base temperature, which is defined as the outdoor air temperature at
which there is no need to switch on heating or cooling equipment. Base temperature varies
by building archetypes, internal gains, building fabric, and outdoor design conditions.
Ahmed [38] developed a mathematical relation for calculating base temperature as a
function of building indoor design temperature, internal gains, solar heat gains, and overall
building heat transfer coefficient. Krese et al. [39] described the energy signature and
performance line method for calculating base temperature. These methods are based on
each building’s daily or monthly electrical energy consumption data, resulting in base
temperatures tailored to the location and specific building. This large data requirement and
the building-specific base temperature make these methods unsuitable for comparative
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studies. Since this study aims to calculate cooling degree days for 39 cities in Pakistan, we
figured degree days with the base temperature recommended by ASHRAE, i.e., 18.3 ◦C [40].
This base temperature is used in many studies [20,41] and enables the effective comparison
between different cities. The calculation of degree days considering the different base
temperatures in this study is also discussed.

2.2.2. Heat Index-Based Cooling Degree Days

This section presents the methodology for calculating heat index and degree days
based on heat index calculation. The heat index (HI) is the air temperature that incorporates
the effect of both temperature and relative humidity [42]. The algorithm used to calculate
the heat index is shown in Figure 2. HIB is the computation of the heat index obtained by
multiple regression analyses carried out by Rothfusz [42]. Mathematically, it can be written
with Equation (2).

HIB = −42.379 + 2.040 × T + 10.143 × RH − 0.225 × T × RH − 0.007 × T2 − 0.055 ×
RH2 + 0.001 × T2 × RH2 + 0.0008 × T × RH2 − 0.000001999 × T2 × RH2 (2)
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the relative humidity of outdoor air; and ABS and SQRT are the absolute value and square root
functions, respectively.

The Rothfusz regression is inappropriate when temperature and humidity warrant
a heat index below 80 ◦F. In those cases, a simple formula (Equation (3)) is applied to
calculate values consistent with Steadman’s results [43].

HI = 0.5 × {T + 61 + [(T − 68) × 1.2] + (RH × 0.094)} (3)
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Adjustments occur if the heat index value reaches or exceeds 80 ◦F. If the relative
humidity (RH) falls below 13% and the temperature falls within the 80 to 112 ◦F range,
Equation (4) is employed to calculate the necessary adjustment.

I = HIB −
(

13 − RH
4

)
×
(√

(17 − ABS(T − 95 )√
17

)
(4)

Yet, if the relative humidity (RH) surpasses 85% and the temperature falls within the
range of 80 to 87 ◦F, Equation (5) is applied for the necessary adjustment.

HI = HIB +

(
RH − 85

10

)
×
(

87 − T
5

)
(5)

Once the heat index temperature is calculated from the algorithm given in Figure 2, it
is converted into a celcius (◦C) scale. Then, using this value, cooling degree days have been
calculated using Equation (6).

CDDyearly,HI =
∑8760

i=1 (HIi − HIbase)
+

24
(6)

2.3. Ventilation Load Index (VLI)

One of the major sources of thermal load for an air conditioner is ventilation. Ventila-
tion is the replacement or exchange of room air with fresh outdoor air. This adds both the
sensible and latent loads to the space. The climatic conditions differ in different regions
of Pakistan concerning the elevation from sea level. Therefore, ventilation load differs for
other cities, making sensible and latent loads a function of local ambient conditions (dry
bulb temperature and humidity ratio). To estimate the impact of different ventilation rates
on a building’s energy consumption, ventilation-associated sensible and latent loads in
different climates should be known to the HVAC designer. In this study, the ventilation
load index (VLI) has been calculated for 39 cities in Pakistan, which is defined as the energy
required to bring the unit flow rate of outside air (litre per second) to building design
conditions over a whole year [28]. It consists of a sensible cooling component (kWh per
litre per year) and a latent component (latent kWh per litre per second per year).

The sensible load for cooling the air from the outside temperature (to) to the desired
indoor temperature (ti) is calculated as

Qsens = CpVρ(to − ti) (7)

Latent load for the dehumidification of the air from the outdoor humidity ratio (Wo)
to the desired indoor Wi;

Qlat = ρ(Wo − Wi)hfg (8)

where cp is the specific heat capacity of air (1 kJ/kgK), ρ is the density of air (1.2 kg/m3),
V is the volumetric flow of outdoor ventilation air (litre per second), hfg is the latent heat of
vaporization (2500 kJ/kg). In this study, we have calculated the sensible and latent load
per unit of volumetric airflow to compare the sensible and latent load in different cities of
Pakistan. The results of Qsens and Qlat are in kWh. The ventilation load index gives quick
information about comparing sensible and latent loads in other geographic locations from
the ambient air. This parameter provides valuable information to the design engineer to
deal with ventilation loads in calculating total space cooling loads. VLI is a suitable index
for comparing climates and informing the designer about appropriate technologies when
looking at design loads.

2.4. Numerical Model for Calculation of Cooling Energy Demand

In this study, we developed a numerical model within the simulation software TRN-
SYS (Trnsys System Simulation) v18, which is popular among researchers involved in
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building energy modelling [44]. TRNSYS offers a range of pre-built models known as
‘TYPES’ designed for various applications, including single-zone and multi-zone build-
ing simulations, ventilation components, and diverse cooling and heating systems. This
extensive library of pre-configured models within TRNSYS made it an ideal choice for
our research.

Building Model

Figure 3a shows the selected building’s archetype. The chosen building, representing
a standard multifamily two-storey design in Pakistan, comprises three bedrooms, a living
room, a kitchen, and two bathrooms on each floor. The flow diagram for simulation method-
ology is shown in Figure 3b, where SketchUp was used to create a 3D model. To incorporate
the building characteristics, it was imported into TRNBuild. Finally, TRNSYS simulation
studio implements different weather files to calculate the thermal energy demand for space
cooling. The TRNSYS model is shown in Figure 4. The details about the internal gains,
their variability, control logic, and building design conditions can be found in the author’s
previous studies [45].
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2.5. Validation of Numerical Model

This study validated the numerical model according to ASHRAE guidelines [46]. This
involved employing three key metrics: normalized mean bias error (NMBE); coefficient
of variation in the root mean square error (CV-RMSE); and coefficient of determination
(R2). NMBE is a normalization of the MBE index used to scale and produce comparable
results; CV-RMSE quantifies the error variability between measured and simulated values,
and R2 assesses how closely our predictions align with the actual data’s trend. ASHRAE
recommends that an effective numerical model exhibit an NMBE below 5% and a CV-RMSE
below 15% compared to monthly calibration data. Additionally, R2 should surpass 0.75.
This study validated the numerical model using actual energy data. We adjusted specific
parameters until our numerical model matched the actual measurements, as illustrated in
Figure 5.
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The comparison of actual and simulated data revealed an NMBE of 3.3%, a CV-RMSE
of 9.1%, and an R2 of 0.9, satisfying the criteria outlined in the ASHRAE standard [46].

3. Results and Discussions

This section shows the results and discussion of degree days with temperature and
heat index approach and comparison with a validated numerical model. In addition, it
shows the variation in latent heat index due to climate change. Overall, the results are
divided into the following sections. First, the degree days based on temperature and heat
index are discussed (Section 3.1). Second, the ventilation load index for different cities
of Pakistan for current and future years is discussed (Section 3.2). Finally, the results
of temperature and heat-index-based degree days are compared and discussed with a
validated numerical model.

3.1. Cooling Degree Days Based on Temperature and Heat Index

This section discusses the results related to annual cooling degree days based on
temperature (conventional approach) and heat index (proposed method) for different cities
of Pakistan using Equations (1) and (3). Figure 6 shows the CDDs for the year 2020 based on
outdoor dry bulb temperature and heat index as a function of elevation in the corresponding
cities considering a base temperature of 18.3 ◦C (ASHRAE recommended base temperature).
Interestingly, cooling degree days’ values based on heat index are higher than CDDs’ values
based on temperature. This could be attributed to CDDs based on heat index incorporating
the effect of relative humidity (latent load). In contrast, CDDs based on simple dry bulb
temperature do not consider the relative humidity factor (latent load). Figure 6 also depicts
that CDDs based on heat index have a stronger linear relationship with the elevation
(R2 = 0.9) than DBT-based CDDs with an R2 value of 0.8. The results demonstrate a negative
linear relationship between the city’s elevation and its cooling degree days. The cities at
lower elevations have higher CDDs, and cities at higher elevations have lower CDDs. The
overall analysis of 39 cities of Pakistan has revealed that the southern and eastern parts of
Pakistan are energy-intensive regions in terms of cooling energy. In contrast, the northern
areas at a higher elevation have a lower cooling energy demand. For example, Sibi and
Sukkur, located at 134 m and 58 m, have 5.5 and 5.1 times higher temperature-based CDDs
than Parachinar at a higher elevation (1726 m). Similarly, based on heat index-based CDDs,
Sibi and Sukkur have 7.2 and 6.6 times more CDDs than Parachinar, which is at a higher
elevation. It has been observed that Murree has the lowest and Sibi has the highest CDDs
among the 39 cities.

Figure 7 shows the filled colour map of cooling degree days of 39 cities of Pakistan
based on the heat index for the years 2020, 2050, and 2080. The coloured sections of Figure 7
represent the region containing the selected 39 cities that cover Pakistan’s main urban areas.
The white areas consist of regions where no cities have been considered in this study, as their
data were unavailable. It was found that most of the cities located in Khyber Pakhtunkhwa
(KPK) province are located in the north of Pakistan, and some cities in Balochistan province,
like Zhob, Kalat, Khuzdar, and Barkhan, have lower values of cooling degree days. The
importance of heat index-based cooling degree days in the Punjab province varies from
3000 to 3700 degrees. The cooling degree days in the central Sindh province of Pakistan,
i.e., Jacobabad and Sukkur, were 4885 and 4932, respectively. The highest value of cooling
degree days from the 39 cities was found in Sibi, located in the Balochistan province of
Pakistan. The cooling degree days for this city were calculated to be 5386. The data analysis
has revealed that for the cities between zero to 1500 m elevation, the number of CDDs will
increase by 16% and 47% in 2050 and 2080, respectively, compared to 2020. For the cities
having elevation more significant than 1500 m, the number of CDDs will increase by 25%
and 71% in 2050 and 2080, respectively, compared to 2020. This means global warming will
have more impact on the future cooling energy demands for the cities located at higher
elevations than those with lower elevations. This could be attributed to the fact that the
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cities at higher elevations have higher humidity ratios in the summer, resulting in higher
latent load. These findings must be integrated into Pakistan’s future energy policies.
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Figure 8 shows the number of CDDs at various base temperatures for the capital cities
(i.e., Lahore, Karachi, Peshawar, and Quetta) of four provinces for the years 2020, 2050,
and 2080 for a base temperature of 10, 14, 18.3 and 22 ◦C. It is found that the number of
CDDs decreases with the increase in the base temperature. The result shows that due to
climate change, the number of CDDs in 2050 and 2080 for Lahore is 18% and 52% higher
compared to 2020, whereas the increase in CDDs for Karachi, Quetta, and Peshawar is
also in a similar range for the years 2050 and 2080. This means that, on average, cooling
degree days of these four major cities will increase by 17% and 47% in the years 2050 and
2080, respectively.
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3.2. Ventilation Load Index for Different Cities of Pakistan

In this section, the impact of ventilation, including the share of the sensible and latent
component of load in buildings on energy consumption for different cities of Pakistan,
is presented and discussed. The ventilation load index calculation results are shown in
Figure 9 in a filled colour map for other cities of Pakistan for the years 2020, 2050, and 2080.
White spaces in the map show that weather stations or weather data for these locations are
unavailable for the current study.

The results show that the maximum ventilation load index value in 39 investigated
cities was found in Sibi (176 kWh) in Balochistan for 2020. This ventilation load index value
will increase to 209 kWh (+19%) and 261 kWh (+33%) by 2050 and 2080, respectively. If
we compare this with central Punjab cities, for example, with Lahore, then VLI for Sibi
is 1.3 times higher than Lahore for the year 2020, which means for the same amount of
ventilation in Lahore and Sibi, 1.3 times more energy is required to bring outside air to zone
conditions in Sibi than Lahore. Overall, it is found that the VLI has a negative correlation
with the elevation in corresponding cities, which means that the VLI decreases with an
increase in elevation. It can be noticed that the areas that lie at higher elevations (towards
the north) have lower VLI, and it increases towards the coastal regions (southern side). On
the other hand, a minimum ventilation load index was found in Kalat (8.89 kWh) in 2020.
Over the years, this will also increase to 12.6 (+42%) and 20.2 kWh (+127%) for the years
2050 and 2080, respectively. The overall average ventilation load index of all investigated
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cities is found to be 102 kWh, and this will increase to 126 kWh and 166 kWh by 2050 and
2080, respectively.
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The variation in the average ventilation load index, including sensible and latent
components in different elevation bands, is shown in Figure 10. It can be noticed that
the sensible and latent parts of VLI have a negative correlation with the elevation in
corresponding cities, and values of both sensible and latent components have increased
over the years. The areas situated at higher elevations have lower sensible loads. The
sensible element of VLI varies from 1 to 62.5 kWh per litre per second per year for 2020.
The minimum sensible component of VLI is found in Murree because the temperature in
this city lies within the comfort zone most of the year, and only a cooling load is required
due to dehumidification. On the other hand, the maximum value of sensible load for 2020
is found in Sibi (62.5 kWh). The analysis of the latent component of the ventilation load
shows that the minimum value is found in Nok. Khundi (0.02 kWh), while the maximum
value was registered for Pasni (145 kWh) in 2020. The sensible and latent component values
of the ventilation load index for 2020, 2050, and 2080. It is valuable information for the
designers of HVAC system design ventilation systems for air-conditioned buildings in
different regions.
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The data analysis has revealed that for the cities located between zero to 500 m
elevation, the VLI, including sensible and latent components for such cities, will increase
by 21% and 56% in the years 2050 and 2080, respectively, compared to 2020 (147.7 kWh).
Similarly, the average VLI for cities in the elevation range of 500–1000 m showed higher
VLI for 2050 (+23%) and 2080 (+63%), respectively, compared to 2020. It is interesting to
note that the rate of increase in VLI for cities at an elevation level more fabulous than
1000 m is higher than for cities at an elevation level of less than 1000 m. For example, the
rate of increase in VLI for cities located at 1000–1500 m is 34% and 92% by 2050 and 2080,
respectively. Similarly, for cities with elevation levels greater than 1500 m, VLI will increase
by 39 and 108% in 2050 and 2080, respectively. This means global warming will impact
the cities in higher elevations more than those in lower elevations. These findings must be
integrated into Pakistan’s future energy policies.

3.3. Thermal Area Energy Density for Space Cooling for a Typical Residential Building

This section presents the results of thermal energy demand for space cooling for
residential buildings in different climates, assuming the same fabric and internal gains
using TRNSYS, as described in Section 2.4. The simulation results represent the annual
thermal energy demand for space cooling in kWh/m2 for 39 cities in Pakistan (Figure 11).
It is interesting to note that a high cooling demand exists in cities at lower elevations. With
an increase in elevation, the demand for seasonal cooling energy is reduced significantly.
For example, let us compare the average annual cooling energy needs for a building in
cities with an elevation below 150 m (144 kWh/m2) with cities above 1525 m (14 kWh/m2).
Results show that 10.6 times more energy is required in the towns at a lower elevation
to achieve the same indoor thermal comfort. If we compare the space energy cooling
requirements for cities of central Punjab (lie in elevation from 150 to 300 m) with Sindh
Province (cities below 150 m elevation), then, on average, cities at an elevation of below
150m need 1.2 times more energy than sites at an elevation from 150 to 300 m.

Figure 12 shows the correlation between degree days and the annual thermal cooling
demand calculated from a numerical model. The graph shows a strong positive linear
relation between CDDs and space thermal cooling energy needs. To evaluate the goodness
of fit of temperature- and HI-based degree days with TRNSYS simulation results of annual
thermal load, we used the coefficient of determination (R2) method. This is a widely used
statistical measure to determine the goodness of fit. Our results show that the correlation
coefficient of determination (R2) value for CDDs based on heat index (0.96) is better than
CDDs based on temperature (0.83) with annual space thermal cooling needs calculated
from TRNSYS.
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The outcomes of our study reveal that the coefficient of determination (R2) values
associated with CDDs predicated on heat index and temperature exhibit notable distinctions
in their predictive efficacy for annual space thermal cooling needs, as computed through
TRNSYS. Specifically, the R2 value for CDDs derived from the heat index is 0.96. This
robust correlation coefficient signifies an exceptionally strong association, indicative of the
heightened accuracy achieved when utilizing the heat index as a predictor. This model
accounts for 96% of the observed variance in annual space thermal cooling needs.

Conversely, the R2 value for CDDs based on temperature is recorded at 0.83. Although
still indicative of a robust correlation, this value falls short of the precision achieved with
the heat index. The temperature-derived model explains 83% of the observed variance
in annual space thermal cooling needs. Overall, the findings underscore that, within the
parameters of our study, employing the heat index as a predictive variable yields a superior
model for estimating annual space thermal cooling needs when compared to relying solely
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on temperature. The discernibly higher R2 value associated with the heat index attests to
its enhanced reliability as a predictive indicator in our analytical framework.
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4. Conclusions

Cooling degree days are a common and widely used method for forecasting buildings’
cooling energy demand. A critical shortcoming of the conventional temperature-based degree
day method lies in neglecting the latent load. In this study, an improved method based on
heat index is proposed, and the results are shown with spatial maps considering Pakistan as a
case study. Furthermore, the variation in the ventilation load index and annual area thermal
energy density for space cooling requirements of different cities of Pakistan are calculated.
Overall, the following conclusions can be drawn:

(1) Degree day values based on heat index are higher than degree days based on dry
bulb temperature. This is because CDDs based on heat index incorporate the effect
of relative humidity (latent load). It is also shown that cooling degree days have a
linear negative relation with the elevation in the corresponding cities of Pakistan.
The cities at lower elevations have higher cooling energy demands and vice versa.
The results demonstrate that HI-based CDDs display a stronger relationship with the
annual cooling demand calculated from the numerical model with an R2 value of 0.96
compared to R2 = 0.80 for the conventionally calculated CDDs. Based on this analysis,
HI-based CDDs are recommended;

(2) For cities of Pakistan between zero and 1500 m elevation, the number of CDDs will
increase by 16% and 47% in 2050 and 2080, respectively, compared to 2020. For cities
with elevations more than 1500 m, the number of CDDs for such cities will increase
by 25% and 71% in 2050 and 2080, respectively, compared to 2020. This means global
warming will impact the future cooling energy demands for the cities located at higher
elevations than those in lower elevations of Pakistan. This could be attributed to the
fact that the cities at higher elevations have higher humidity ratios in the summer,
resulting in higher latent load. These findings must be integrated into Pakistan’s
future energy policies;

(3) Selecting an optimal base temperature is vital for higher energy savings. With the
increasing base temperature, the number of CDDs decreases. Specifically, elevating
the base temperature from 18 to 22 degrees Celsius results in a substantial decrease in
CDDs: 1138 for Lahore; 1322 for Karachi; 718 for Quetta; and 1001 for Peshawar;
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(4) For the same design conditions, the energy required to treat the ventilation air differs
in different parts of the country. The maximum energy required for ventilation is
registered in Sibi (176 kWh), while the lowest is found in Kalat (8.9 kWh) in 2020. The
sensible and latent component of VLI also varies. It is also shown that the ventilation
load index has a negative linear relationship with the elevation in corresponding cities.
However, the analysis indicates that in future years, i.e., 2050 and 2080, the VLI for the
cities located at higher elevations will increase more than for those at lower elevations;

(5) Thermal energy needs for space cooling are linearly related to degree days. Central
Punjab and most of Pakistan’s Sindh and Baluchistan provinces exhibit higher demand
for space cooling energy, whereas regions situated at higher elevations experience
comparatively lower space cooling requirements. However, the analysis shows that
in future years, 2050 and 2080, the demand for cooling for the cities located at higher
elevations will increase more than for those at lower elevations;

(6) In light of these findings, the utilization of CDDs based on the heat index is recom-
mended, as they exhibit a stronger correlation with the annual cooling demand when
compared to conventionally calculated CDDs. This underscores the enhanced pre-
dictive capability of CDDs incorporating relative humidity, offering a more accurate
assessment of cooling needs in the context of the studied cities in Pakistan.

In a nutshell, this study underscores the limitations of the conventional degree days
method in forecasting the energy demands of buildings, particularly due to its oversight of
the latent component of thermal load. The findings advocate adopting a Heat Index (HI)
based Cooling Degree Days (CDD) approach, deeming it more contemporary and robust.
Incorporating the latent load, represented by the HI, enhances the accuracy of predictions
regarding future energy demands. In the context of an energy-constrained nation like
Pakistan, the implications of this study are far-reaching. The insights gleaned are valuable
for building designers, investors, owners, and policymakers, offering a foundation for the
development of informed energy consumption policies within the building sector. The rec-
ommendation to shift towards a more advanced and inclusive HI-based CDD methodology
holds the potential to contribute significantly to energy efficiency efforts and sustainable
building practices. Moreover, this study provides pertinent information regarding the
ventilation load index, which proves instrumental for HVAC design engineers. Armed with
this knowledge, engineers can tailor ventilation equipment designs more effectively, align-
ing them with the specific thermal demands of the environment. This not only enhances
the overall efficiency of HVAC systems but also contributes to the optimization of energy
utilization in buildings, a crucial consideration in regions facing energy scarcity. Ultimately,
this study’s multifaceted implications extend from advancing forecasting methodologies to
informing practical design considerations, thereby contributing to a more sustainable and
energy-conscious built environment.
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Nomenclature and Abbreviations

cp specific heat capacity of air
DBT dry bulb temperature
DD degree day
GCM general circulation model
GHG greenhouse gas emissions
HDD heating degree day
hfg latent heat of vaporisation
HI heat index
IPCC Intergovernmental panel on climate change
RCM regional climate model
RH relative humidity
T temperature
VLI ventilation load index
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