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Abstract: Heat emissions from buildings is a significant source of anthropogenic heat influencing the urban microclimate;
however, they are usually oversimplified in urban climate and microclimate modeling. This study developed a bottom-up
physics-based approach to calculate heat emissions from buildings to the ambient air and implemented the approach in
EnergyPlus. A simple result verification was conducted by comparing the EnergyPlus simulated results against the
spreadsheet calculations. Simulations covering 16 commercial building types, four climates, and two energy efficiency
levels were conducted to understand and evaluate the building heat emissions and their temporal patterns as well as three
major components: (1) building envelope (convective heat transfer to ambient air), (2) zones (air exfiltration and exhaust
air), and (3) HVAC systems (relief air and heat rejection from condensers or cooling towers). The main findings are: (1) heat
emissions are usually higher than the site energy use (about 2.5 times), and their dynamics should be considered; (2) building
characteristics and their energy systems lead to differences in heat emission contributions from the three components, and
their dynamics, for example, in the warehouse models, the envelope component accounts for 90.4%, while it is 12.7% for
the large office models; (3) for most building typologies, the climate has a strong impact on heat emissions, for example,
buildings with dominant heat emissions from the zone exhaust air and/or the HVAC reject heat, a general decrease in heat
emissions in hotter climates is observed, while envelope-dominated buildings show the opposite; and (4) building
technologies that reduce energy use in buildings may perform differently in reducing heat emissions. The developed heat
emissions calculation method can be adopted in EnergyPlus and most other building energy modeling programs. It can
provide dynamic building heat emissions as an input to urban climate computational fluid dynamics (CFD) models at a
higher spatial and temporal resolution than is currently available, to improve the simulation accuracy of the urban

microclimate and capture the urban heat island effect and urban overheating.
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1. Introduction

Urban microclimate is affected by morphology and thermal characteristics of the urban environment (e.g., street width,
surfaces’ solar reflectivity, material roughness, evapotranspiration of surfaces) as well as by anthropogenic heat emissions
(e.g., heat releases from buildings, humans, transportation, and industries) [1,2]. In particular, all these features influence
the airflow, humidity level, and air temperature of the urban environment [3]. In dense urban areas, the absorption of short-
wave radiation from the sun, the increased surface areas capable of storing heat and the resulting anthropogenic heat
emissions are boosted [4]. Meanwhile, due to the compactness of the building and street geometry, the long-wave radiative
heat loss towards the sky, the evaporation from vegetation and water bodies, and the turbulent heat transport due to the wind
are hindered [5]. Moreover, air pollution and the relative greenhouse effect hampers the re-emission of long-wave radiation

towards the urban environment [6]. All these factors contribute to the urban heat island (UHI) effect, which is the climatic
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phenomenon causing higher air temperatures in dense urban areas compared to the surrounding rural open areas [7]. In
recent years, UHI became a huge concern in cities [8], stressed by climate change and the increasing risk of heatwaves [9].
The phenomenon is registered in almost all urban areas, regardless of the city size or the climate [10,11]. For example, in
the 1,400 square kilometer (km?) humid subtropical climate city of Nanjing, China (Koppen climate classification Cfa [12]),
the UHI is indicated as a nocturnal phenomenon that can increase the difference in outdoor air temperature between the
urban area and its suburbs by 2.2°C [13]. Similarly, in the 260 km? continental climate city of Madison, Wisconsin (Koppen
climate classification Dfb [12]), in 2012 the registered mean maximum temperature in July was 1.8°C higher than it was in
the surrounding rural areas [14]. This substantial increase in temperature affects the energy consumption of buildings [15]
and the livability of outdoor areas [16].

Buildings play a fundamental role in the UHI, due to their morphology and surface characteristics. Besides, they count for
a large portion of the total anthropogenic heat emission of an urban area. At urban scale, anthropogenic heat emission has
four main origins: human metabolism, industry, transport, and buildings [17]. People spend, usually, most of the time inside
buildings, but they account for only a small portion of the total latent and sensible heat emissions. For this reason, in several
studies, only industry, transport, and buildings are recognized as the main sources of anthropogenic heat [18]. Buildings
emit heat to the urban environment to maintain certain indoor temperatures and humidity levels for occupant comfort or
process and manufacturing needs. The heat sources of building heat emissions include (1) the received solar radiation on
the building’s exterior surfaces (walls, roofs) and transmitted through glazing; (2) convective heat transfer between building
envelope and ambient air due to temperature difference, and airflow through openings and cracks in the envelope; (3)
internal heat gains from energy consumed in buildings to provide services of lighting, HVAC (heating, ventilation, air-
conditioning), plug-in equipment, and domestic hot water, and (4) a relatively small fraction of heat from occupants.
Buildings emit heat towards the ambient air as sensible and latent heat due to exiting air from the building envelope (e.g.,
fans, heating and cooling systems, exfiltration, etc.), and as thermal radiation towards the environment (e.g., air, sky, ground,
other surfaces) due to differences in surface temperatures. Particularly, in this study, the building heat emission towards the
ambient air was considered. Indeed, traditionally in Building Energy Modelling (BEM) the heat emission from buildings is
usually not calculated, as it does not directly influence building energy performance. Some specific tools (e.g., Rayman
[19], SOLWEIG [20], ENVI-met [21], or CityComfort+ [22]) are usually employed to calculate the effect of buildings on

the microclimate. However, in these cases, buildings are simplified as static daily profile of heat sources.

In numerous former studies, the heat emissions from buildings to air is simplified to be equal to their energy consumption
[23]. However, recent research confirms that heat emissions from a building could be much greater than its energy use. For
example, from the energy simulation of an office building in Houston, Texas (Kdppen climate classification Cfa [12]), it
emerged that, during summer, the heat emission is between 40% and 70% higher than the energy consumption [24], due to
the energy (mainly solar radiation) coming from the environment and the type of cooling system used, such as cooling
towers. In recent years, several studies focused on better understanding the relation between heat emissions from buildings
and UHI. Numerous studies were conducted to optimize the buildings’ geometry to decrease the impact of UHI on new
urban areas [4,5,25]. Others are more focused on the modification of the extent of radiative exchange of surfaces (e.g., with
green areas [7], cool facades [8], cool roofs [15], or a mixture of these three strategies [26]) or on shifting the heat release

in time via buildings’ structural heat storage [27] or phase change materials [28].
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However, these adaptation techniques only partially consider the anthropogenic heat from buildings because it is not

accurately quantified or understood.

Three main approaches are used to quantify building heat emissions: (1) assessment through inventories, (2) assessment
through heat energy balances and (3) assessment through building energy models [17]. The inventory approach exploits
registered or surveyed energy consumption data to quantify heat emissions from buildings and other sectors in cities [18].
The registered data are directly converted into heat emissions, without considering time delays, heat storage or
differentiation between latent and sensible heat. Data are usually spread spatially within the area through different indexes
(e.g., district gross domestic product and population density [29], energy statistics related to the building typology [30]).
The assessment through inventories approach relies on major assumptions and simplifications, making it easy to implement.
Moreover, the needed data are usually available. For these reasons, this method was widely employed in early studies related
to anthropogenic heat emission and its impact on urban microclimate [31-33]. However, the main critical problems are the
lack of temporal resolution, leading to erroneous temporal distribution, and the assumption that the heat emission from a
building is instantly equal to its energy consumption [18]. Besides these weaknesses, this method has been used for
numerous studies for cities and large regions (e.g., by Harrison et al. [23] for London, by Klysik [34] for Poland, and by
Lee et al. [35] for Korea).

The second approach, assessment through heat energy balances, exploits the idea of defining a control volume containing
the urban area under study, and it tracks, via measurements, all the occurring energy inputs and outputs. The energy entering
and exiting from the control volume is assessed via measurements and approximations, while the micrometeorological data
can be tracked via net radiometers and eddy covariance techniques, for the net radiation and sensible and latent heat fluxes,
respectively. The heat emission is then approximated to the difference between the latent and sensible heat fluxes crossing
the control volume [18]. This approach, being applied using measurement data, can be used to validate or compare the other
methodologies. However, the measurement campaign could be expensive and time-consuming, and it is impossible to split
the anthropogenic heat among its sources. This approach was used for numerous city studies (e.g., by Sailor and Hart [36]
for 50 cities in the United States and by Hamilton et al. [37] for London). This approach assumes small or no differentiation
between the industry/vehicles sector and the building sector. For this reason, numerous researchers started to study this

phenomenon by developing the third approach: assessment through building energy models.

The building energy models methodologies are usually bottom-up and try to assess the heat fluxes towards the outdoor
environment from different building components [17]. Building energy models are able to assess the building performance
for space heating and cooling and ventilation considering internal loads and the environmental boundary conditions. These
models are quite accurate in assessing building energy use because they employ largely verified methods with high spatial
and temporal resolutions [38]. However, usually, major simplifications are made to allow the representation of the dynamics
of loads and the consequent heat emissions from buildings. Actually, the heat emitted from a building as long-wave radiation
can hit other surrounding surfaces (e.g., ground, other buildings) which absorb or re-emit eventually, with a time delay, the
absorbed heat. Understanding and considering this dynamic is fundamental to assess effective mitigation strategies for

heatwaves and UHI [18]. A building emits heat towards the whole surrounding environment (e.g., the air, the sky, the ground,
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other buildings, trees, water bodies). In particular, to better study the impact of building heat emission on UHI and

microclimate in general, the heat emitted by the buildings towards the ambient air is the predominant topic.

This study aims to develop a novel approach to calculating heat emissions from buildings using a detailed physics-based
model, and assess the characteristics and dynamics of building heat emissions across building types, climates, and energy
efficiency levels. The outcome of this study provides new insights into the importance and extent of heat emissions from
buildings. The study focused on sixteen United States Department of Energy (U.S. DOE) commercial reference building
models [39] in four selected typical climate zones with two levels of energy efficiency (corresponding to minimum
requirements of ASHRAE Standard 90.1 in 2004 and 2016). These diverse combinations enabled detailed simulation of
heat emissions from different building components (e.g., envelope, HVAC systems, exfiltration, cooling towers) and
comparative analyses across building types, climates, and energy efficiency levels. The study’s outcomes can inform urban
planning and mitigation strategies towards UHI, heatwaves, and overall urban overheating due to urban development,
climate change, and extreme weather events. Numerous publications exist studying more in detail the heat emission from
buildings regarding UHI. The majority of them are focused on the envelope [40,41], and a very limited number are focused
on other aspects such as the systems [42] or the ventilation [43]. However, none of the existing methodologies address all
the aspects together and with a bottom-up approach. The main novelties of this paper are (1) the use of physics-based
equations at a user-defined timestep (implemented in EnergyPlus), (2) the assessment of heat emissions by each individual
building component (i.e., envelope, systems and zones), (3) the differentiation between the sensible and latent heat emissions,

and (4) the detailed evaluation of heat emisssions across different building typologies, climates and energy efficiency levels.

It is worth noticing that in this study a nomenclature consistent with EnergyPlus was used. Site energy is chosen as the
building performance metric in the analyses. Site energy is the sum (converted to have the same energy unit) of all types of
fuels (e.g., electricity, natural gas, fuel oil) consumed on-site by a building—that is, the amount of fuel and electricity
consumed by a building as reflected in the utility bills. Corresponding to site energy is the source energy, which is the fuel
or resources consumed at the power plant, including generation inefficiency and transmission and distribution losses along

the energy network (e.g., natural gas pipeline and electric grid).

The remaining of the paper is organized as follows. Section 2 describes the methodology of calculating the heat emissions
by three main components (envelope, HVAC, and zones). Section 3 covers verification of the simulated heat emissions.
Section 4 describes a case study with results presented in Section 5. Discussion is provided in Section 6, and conclusions

are drawn in the last section.

2. Methodology

The proposed methodology relies on a physics-based heat balance model. The model considers the heat emission towards
ambient air from three main building components (Figure 1): (1) envelope, (2) zones, and (3) HVAC system. Exploiting
physics-based heat balance equations, the proposed model provides both spatial and temporal flexibility. Thus, it can be
used with any weather dataset and any building model, and it can be exploited at any user-defined time step, from 1 minute

to 60 minutes for an annual simulation.
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Figure 1: Composition of heat emissions from a building to ambient air

The heat released by the building envelope component includes convection heat to ambient air due to the difference in
temperature between the surface temperature and the outdoor air dry-bulb temperature, and the long-wave radiation
absorbed by components and particles in the air (i.e., water vapor and pollutants). The zone component includes two types
of air discharged from the building: (1) the air exfiltration, i.e., the indoor air which exits without control by openings (e.g.,
windows, doors) or cracks in the building envelope; and (2) the air exhaust from fans (e.g., in kitchens or bathrooms).
Finally, the heat released by the HVAC systems includes the relief air at the air handling units (AHU) and from the possible
discharge fuel-gas stacks of gas-fired boilers and furnaces, as well as the heat rejected from (1) air-cooled, evaporative-
cooled, and water-cooled condensing units of cooling coils, heating coils, and water heaters; zone HVAC forced air units;
evaporative coolers; etc. and (2) plant condensing equipment such as water-cooled chillers. It should be noted that, while
the heat emission to ambient air from the envelope is only a sensible load due to the difference in temperatures, the exhaust
air through fans, the exfiltration from internal zones, and the HVAC system relief air are all emissions of heat through moist
air, and as such, they bring both sensible and latent loads towards the ambient air. The heat rejected by HVAC systems can

be only sensible or a mix of sensible and latent emissions, depending on the typology of the system.

The three main components of heat emissions from buildings to ambient air are described in detail in sub-sections 2.1 to
2.3.

2.1. Building envelope component

Considering the heat balance of an exterior surface facing the outdoors the internal and external sources of heat play a
fundamental role in the final amount of heat emitted by the building envelope. The solar radiation, outdoor air temperature,
internal heat gains, and space cooling/heating influence the temperature of the external surfaces of the envelope. The
difference in temperature between the exterior surface and the outdoor air causes heat emissions from the envelope in

convective and radiative heat transfer forms).
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Note that, in this model, the radiant heat emission towards other surrounding surfaces—including exterior surfaces of nearby
buildings, trees, sky, and ground—is not counted, as this portion of the heat is not directly released to the ambient air;
whereas, the radiant heat emission towards the air (particles) is included. For this reason, the calculated heat emissions
(convective and radiative) are less than the sum of the heat sources. In this case study, the DOE-2 convection model is
exploited to calculate the surface outside face convection heat transfer coefficient that is a combination of the MoWITT and
BLAST detailed convection models (equations 3.79 and 3.80 of the Engineering Reference of EnergyPlus are used in this
model [44]). While, the linearized radiative heat transfer coefficient calculations follow equation 3.65 in the Engineering
Reference [44]. The total heat emissions from the exterior envelope surface (Qem; surf) to the ambient air can be calculated
with Equation 1. Figure 2 presents a schematic of the sub-components of heat emissions from building envelope.
Qemi,surf = (Hc+H) A (Tsurf - Tout) W] (1)
where H. (W /(m?K)) is the surface outside face convection heat transfer coefficient, H, (W /(m?K)) is the linearized
equivalent heat transfer coefficient of the surface (e.g., walls, roofs) outside face thermal radiation to the particles and dust
in the ambient air, A (m?) is the surface area, and Toury (K) and T,y (K) are the surface and outdoor air temperature.
Envelope component
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Figure 2: Schematic of the heat emissions from the envelope component

2.2. Zone component

Two general types of heat emissions from the zone component are defined: (1) air exfiltration due to the uncontrolled air
flow from the zone to the outdoors through windows, openings, and cracks in the envelope structure; and (2) exhaust air
from the zone to the outdoors through exhaust fans or other mechanical equipment. To quantify the sensible and latent heat

transported by the exiting air, the differences in the enthalpies of the indoor air of the simulated building zones and the
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outdoor air can be exploited. Thus, the total heat released into the ambient air by the exfiltration air from the zones (Qex s zone)

and the exhaust air from the zones (Q.xp zone) Can be calculated with Equation 2 and Equation 3, correspondingly.
Qexf,zone = Mexf* (hzone — hout) W] (2)
Qexh,zone = Mexp " (hzone - hout) [W] (3)

where me, ¢ (%) is the exfiltration air mass flow rate, m,,, (%) is the exhaust airflow mass flow rate from the zone, and

Ry one (é) and h,y; (é) are the zone and outdoor moist air specific enthalpy.

2.3. HVAC system component

The HVAC system component plays a more complex role in the heat emissions of buildings. First, it is involved indirectly
in the envelope emission towards the environment by changing the indoor air temperatures via heating and cooling of the
zones. Second, the AHU rejects some return air (i.e., relief air) from zones to the outdoors, influencing the heat emissions.
Moreover, in the case of boilers and furnaces, it could also reject air towards the environment as waste from the combustion
processes. Finally, the HVAC systems reject heat through condensers (located outdoors) for air-cooled systems or cooling

towers for water-cooled chilled water systems.

The heat emissions related to the AHU relief air (i.e., the portion of the return air that is exhausted while the other portion
gets recirculated to spaces after mixing with outdoor air and being conditioned) can be calculated in a way similar to that of

the heat emissions from zones. Equation 4 can be used to calculate heat emissions by AHU relief air:
Qanv = Many * (hanv_out — houe) W1 ()

where my gy (%) is the relief air mass flow rate from the AHU and hayy oue (é) and h,y; (é) are the AHU outlet air and

outdoor moist air specific enthalpies.

Conversely, the HVAC system equipment releases heat towards the ambient air also via heat waste for gas-powered
combustion units and via condensing units of refrigeration cycles. However, the detailed heat emissions from the HVAC
system remain strictly related to the characteristics and the typology of the system. In the case of gas-powered combustion
units, the heat emission rate is calculated as the difference between the fuel generated heat (useful energy) and the fuel heat
supply. For air-cooled condensing units, it is given by the sum of the cooling rate and the electric power of condenser fan
and compressor; and for water-cooled condensing units, it is the total heat transfer rate with outdoor air via cooling towers
or evaporative coolers. Further details related to the specific typology of HVAC systems can be found in the Engineering

Reference within the documentation of Energy Plus version 9.1 and later [45].
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2.4. Implementation in EnergyPlus

The proposed method employs physics-based heat balance equations; thus, it can be implemented in any building energy
modeling tool that relies on a similar approach. In this work, as a first implementation, EnergyPlus was chosen. EnergyPlus
[46] is a BEM software, allowing the dynamic calculation of numerous energy flows (e.g., space heating and cooling, water,
and electric usage, and on-site generation). In recent years, numerous features were added to better model buildings in
complex contexts, such as an urban environment [47]. In particular, the focus is on the interaction of the building with
surrounding buildings and the local microclimate. Thus, the heat emission calculations were implemented in EnergyPlus as
a new feature in version 9.1. The object Output:Table:SummaryReports adds choices of HeatEmissionsSummary and
HeatEmissionsReportMonthly to report the annual and monthly heat emissions from the buildings towards the ambient air
in tabular summary reports. The heat emissions are grouped as (1) Envelope Convection, (2) Zone Exfiltration, (3) Zone
Exhaust Air, (4) HVAC Relief Air, and (5) HVAC Reject Heat. The Envelope Convection includes the convective heat
emission from exterior surfaces (e.g., roofs, walls, windows). The Zone Exfiltration and the Zone Exhaust Air components
are related to the zone component (i.e., Qexf,zone AN Qexn zone)- The HVAC Relief Air component includes the AHUs (i.e.,
Qanu ), and the HVAC Reject Heat component includes the boiler-combustion exhaust, cooling towers, air-cooled
condensers, etc. Finally, twelve variables are added to report time-step results, divided into total, sensible, and latent heat
emissions. Specifically, they are: Zone, Average, Surface Outside Face Thermal Radiation to Air Heat Transfer Rate [W];
Zone, Average, Surface Outside Face Heat Emission to Air Rate [W]; HVAC, Average, Zone Exfiltration Heat Transfer
Rate [W]; HVAC, Average, Zone Exfiltration Sensible Heat Transfer Rate [W]; HVAC, Average, Zone Exfiltration Latent
Heat Transfer Rate [W]; HVAC, Average, Zone Exhaust Air Heat Transfer Rate [W]; HVAC, Average, Zone Exhaust Air
Sensible Heat Transfer Rate [W]; HVAC, Average, Zone Exhaust Air Latent Heat Transfer Rate [W]; HVAC, Sum, Site
Total Zone Exfiltration Heat Loss [J]; HVAC, Sum, Site Total Zone Exhaust Air Heat Loss [J]; HVAC, Sum, HVAC System
Total Heat Relief Energy [J]; and HVAC, Sum, HVAC System Total Heat Rejection Energy [J]. It must be noted that
positive values of these reports indicate that the building is releasing heat towards the ambient air, while negative values

mean that the building absorbs heat from the ambient air.
3. Model Results Verification

In this study we used the U.S. DOE’s commercial reference models [39]. These models already have been validated from
the energy use perspective, however, the heat emissions from buildings are not covered in the validation process defined in
ASHRAE Standard 140 [48]. Thus, a simple results verification approach was here proposed to verify the calculations.
EnergyPlus undergoes verification tests before each release to the public [49,50]. For this reason, the individual parameter
values used in the heat emission equations can be taken as reliable, and this verification serves as an engineering check only
for the newly implemented equations. Therefore, from the simulations, all the hourly variables needed for the
implementation of the heat emission calculations were reported. Eventually, the EnergyPlus simulated heat emissions were
compared with the calculated results from a spreadsheet implementing those equations to ensure they are within a narrow

range of errors.
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The building model selected for this verification was Case 600 from the ASHRAE Standard 140 [48]. Table 1 summarizes
the main characteristics of the case model. The original model is helpful to verify the envelope and zone component of the
heat emissions. Moreover, an auto-sized packaged terminal heat pump (PTHP) was added to verify the heat emissions from
the HVAC system component. Equation 1 and Equation 2 were used for the verification of the envelope and zone
components. In particular, Equation 2 was used assuming a fixed Exfiltration Mass Flow Rate of 0.012 kilograms per second

(ka/s) (by ignoring the change of air density due to temperature). Equation 5 can be used to calculate the HVAC heat

rejection energy:
Quavc, rej = (PTHP Electric Energy (Heating Mode) — PTHP Total Heating Rate)
+ (PTHP Electric Energy (Cooling Mode) + PTHP Total Cooling Rate)  (5)
Table 1: Main characteristics of Case 600 (for further details, refer to ASHRAE Standard 140 [48])
Case 600
Weather data DRYCOLD.TMY (Golden, Colorado [U.S.])

48 m? floor area, single-story, rectangular-prism, low-mass building with

12 m? of south-facing windows

Material Properties Table 5-1 in Section 5.2 of ASHRAE Standard 140-2017 [48]

The exterior surface of the floor is thermally decoupled from the ground

with very thick minimum density and specific heat underfloor insulation

Infiltration 0.5 air changes per hour (ach) continuously (24 hours per day for all year)

The internal gains are only sensible and constant 200 watts (W) (24 hours
per day for all year). 60% radiative, 40% convective

Radiative properties and

e Tables 5-3, 5-4, 5-5 in Section 5.2 of ASHRAE Standard 140-2017 [48]
Surface coefficients

Window properties Tables 5-6, 5-7 in Section 5.2 of ASHRAE Standard 140-2017 [48]
Mechanical systems
(added)

Geometry

Ground Coupling

Internal Heat Gains

Packaged Terminal Heat Pump

The results of the verification are presented in Figure 3 and Figure 4. In particular, in Figure 3, the spreadsheet calculated
and EnergyPlus simulated annual heat emissions from the three components are plotted. For the exfiltration heat loss and
the HVAC heat rejection heat, an increase of 1% and 5% was observed. Conversely, a slight decrease of 1% was reported
for the EnergyPlus simulated surface heat emission. Figure 4 shows the distribution in terms of hourly values of the
spreadsheet calculated and the EnergyPlus simulated, as well as their differences. The general hourly distributions of the
calculated and simulated values were very similar for all three components; also, the error distribution was relatively small.
These small differences were caused by the assumption of constant air density in the spreadsheet calculations, as well as the
use of different time step in the calculations (the spreadsheet uses an hourly time step while EnergyPlus uses 10-minute
time step). Note that the relatively high value of +5% registered for the HVAC heat rejection heat was caused by an
unbalanced distribution of the error being always negative (i.e., the spreadsheet calculations underestimate heat emissions
from the air-cooled condenser). For the Surface Heat Emission and the Exfiltration Heat Loss, the distributions of the error

were larger, but they cancelled out between positive and negative values, leading to a smaller difference in annual values.

In summary, the dynamics and annual sum of the heat emission from the three components (i.e., envelope, zone, and HYAC

systems) simulated by EnergyPlus were verified and coherent with the physical approach adopted.



O©CO~NOOOTA~AWNPE

Annual Heat Emission
-1%
100 |-}

+5%

+1%

[y
o

Heat Emission [GJ]

Surface Heat Emission Exfiltration Heat Loss HVAC Heat Rejection
Energy

Calculated Simulated

Figure 3: Total Annual calculated and simulated heat emission

Hourly values distribution

Surface Heat Emission Exfiltration Heat Loss HVAC Heat Rejection Energy
120 4.0 35

100 3.5

30

L]

80 3.0

25
60 2:5

2.0
40 20
1.5
20 15

1.0

Energy [MJ]

0

0.5 10

-20

0.0 .
-0.5 é = EJ
-1.0 : 0 T

-80 -1.5 -5

-40

-60

Cal-Sim H Calculated Simulated
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4. Case Study

The U.S. DOE developed the commercial prototype building models to represent about 70% of the commercial buildings
in the United States, and they are popularly used in building simulation as a reliable baseline of comparison [39]. The
prototype models include 16 commercial building types characterized for 17 climate locations (across all eight U.S. climate
zones) and five different energy efficiency levels in accordance to recent editions of ASHRAE Standard 90.1. In this study,
the 16 commercial prototype building models were used to quantify and understand the differences within buildings related
to their heat emissions. The 16 building models for the two energy efficiency levels of 2004 and 2016 across four typical
climates of Fairbanks, New York, San Francisco, and Tampa were chosen for the study, with a combination of 128
simulations. Table 2 describes the main characteristics of the four chosen locations. The four locations should give a good
overview of the differences in U.S. climates, considering their differences in heating degree days (HDD) (i.e., from 7,295
in Fairbanks to 527 in Tampa) and the cooling degree days (CDD) (i.e., from 14 in San Francisco to 1,765 in Tampa).
Fairbanks is classified as a subarctic climate (Dfc) in the Kdppen climate classification [12]. It is characterized by long,

usually very cold winters and short, cool to mild summers proved by the average dry bulb temperature of the weather dataset
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(-1.7°C) and a relatively high difference of 35°C between monthly average (given by the difference between a monthly
average of -19°C in December and 16°C in July). New York and Tampa are both classified as a humid subtropical climate
(Cfa), characterized by warm and humid summers. However, New York has a greater variability during the year, with cold
winters. The yearly average dry bulb temperature is almost 10°C less than the Tampa average and shows a greater maximum
difference between monthly averages (25°C for New York and 14°C for Tampa). These characteristics are demonstrated by

the large differences in the HDD and CDD of the two climates. San Francisco is classified as a Mediterranean warm summer

climate (Csb) because of its mild winters and warm summers. The San Francisco weather is characterized by a small
variability within the year, with a maximum difference between a monthly averages of 7°C, a yearly average dry bulb
temperature of 14.5°C and lower CDD than Fairbanks.
Table 2: Main characteristics of the weather datasets of the four cities chosen
L ocation Fairbanks, New York, San Francisco, Tampa,
Alaska, U.S. New York, U.S. California, U.S. Florida, U.S.
Data Source TMY3702610 TMY3744860 TMY3724940 TMY3 747880
WMO WMO WMO WMO
Koppen climate classification [12] Dfc Cfa Csb Cfa
U.S. DOE climate classification [51] 8 4A 3C 2A
L ocation 64.82° N 40.65° N 37.62° N 27.85° N
147.85° W 73.8°W 122.4° W 82.52° W
Elevation [m] 133 5 2 8
F%a?lrly average dry bulb temperature 17 121 145 213
MaX|mur? difference between monthly 35 o5 7 14
average [°C]
HDD [respect to 18.5°C] 7,295 2,749 1,732 527
CDD [respect to 18.5°C] 19 579 14 1,765
5. Results
The 16 U.S. DOE commercial prototype building models that meet the ASHRAE Standard 90.1-2004 and 2016 were run

with the four analyzed weather datasets (Table 2). Annual simulations were conducted with a time step of one hour. The
hourly results were eventually aggregated to understand annual and monthly trends in the heat emissions for the different
combinations of building typology, energy efficiency level, and climate zone (location). In this section, the annual, monthly,
and hourly results of the simulation are presented. In the next section, the main findings from the elaboration of the analysis

are discussed.

5.1. Annual results

Figure 5 shows a comparison between the annual total site energy and the annual total heat emission by component. The
highest values for both the annual site energy and the annual heat emission on the net floor area basis were registered for
the two types of restaurants: Quick and Full Service. In particular, the highest values were registered for the Quick Service
restaurant in the climate of Fairbanks for the 2004 energy efficiency level with an annual site energy of 10.6 gigajoules per

square meter (GJ/m?) and an annual heat emission of 18.0 GJ/m?. This was due to the high site energy of cooking and a
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large amount of exhaust air from the kitchen, as well as the relatively cool outdoor air in Fairbanks. The lowest annual site
energy intensity was reported for the Warehouses for all different climates, ranging from 0.09 GJ/m? in San Francisco with
the 2016 energy efficiency level to 0.55 GJ/m? for the Fairbanks case with the 2004 efficiency level. Finally, the lowest
annual heat emissions were, in general, registered for the mid-rise apartment buildings, ranging from 0.81 GJ/m? for the
2016 Fairbanks case to the 1.2 GJ/m? for the 2004 Tampa model. On average, the building envelope component counts for
50% of the total heat emission. However, large variability was registered between building typologies. For example, in the
Large Office models, the average value for the envelope component was 12.7%, while, on average it was 90.4% for the
Warehouse models. The exfiltration heat emissions counted for an average of 2.8% of the total heat emission, ranging
between 0.15% for the Out Patient Health Care models and 11.2% for the High-Rise Apartment models. A large part (almost
50%) of the heat emission of the Restaurant building typologies was related to the air exhausted through fans in kitchens,
while for other building typologies it counted for a small portion, or null for buildings with no exhaust fans. Negative values
of HVAC relief air were registered for the hot climate of Tampa where outdoor air temperature can be higher than the

released air at room temperature.
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Figure 6 presents the ratio between the annual site energy and the annual heat emission. The dotted black line corresponds
to ratio = 1. Ratios higher than one were registered in almost all cases. This confirms the strong limitations of approaches
in which the heat emission is simplified to be equal to the energy consumption of a building on site. High ratio values were
registered in general for Warehouse models, with a peak of 25.2 for the 2016 San Francisco case. The average ratio within
all warehouse models was 11.2. Also, in the Small Office models relatively high ratio values were registered, ranging
between 2.6 of the 2004 Fairbanks model and 10.7 of the 2016 San Francisco model. Conversely, ratio values around 1
were registered for the Hospital models, ranging between 0.98 of the 2004 Fairbanks model and 1.2 of the 2004 Tampa
model. The ratio between the site energy and the heat emission was registered to be lower than 1 in only three cases: Small
Hotel and Hospital in Fairbanks, and Large Hotel in Tampa. The ratio averages by building typologies showed that the
lowest values were registered for Hospital, Large Hotel, Large Office (i.e., 1.1, 1.3, 1.3 respectively). The highest values
were registered for Primary School, Small Office, and Warehouse (i.e., 4.1, 6.2, 11.2, respectively). The Hospital, Large
Hotel, and Large Office categories were characterized by the large core floor areas and the largest conditioned building
areas (together with the Secondary School). Moreover, Large Hotels and Hospitals were characterized by continuous
operation schedules for the HVAC system. For these reasons, the three building typologies were characterized by the highest
shares of HVAC reject heat emission due to their systems and relatively high cooling loads. In particular, Hospital and
Large Office models were equipped with cooling towers serving the chillers. Consequently, they had relatively high site
energy consumption compared to the heat emission, resulting in the ratio being around one. Conversely, Primary School,
Small Office, and Warehouse models were characterized by a high envelope emission component due to a higher surface-
to-volume ratio, less internal heat gains, and null or almost null exhaust air. Thus, they had a relatively low site energy

consumption per building area, resulting in the highest ratios of heat emissions to site energy use.

Comparing different weather datasets, large differences were also registered. The annual heat emissions across different
climate zones are organized in Figure 7, allowing a direct comparison. When the zone exhaust air and/or the HVAC reject
heat played a fundamental role in the total heat emission from the building (e.g., Restaurants, Hospital, Large Hotel, and
Large and Medium Offices) a general decreasing trend for hotter climates was registered. However, the opposite trend was
recorded for the building typologies in which the total heat emission was envelope-dominated (e.g., Small Office,
Warehouse). Indeed, considering the results by component in Figure 5, it is evident that the colder the climate, the larger
the Zone exhaust and exfiltration air and HVAC relief air heat emission components were; while the hotter the climate, the
larger the Envelope component became. Hotter or colder is intended as a general characteristic of the weather dataset, based
on their HDD. It is worth notice that the solar radiation for the envelope component, the general condition of the outdoor
air, and the CDD play a fundamental role. In fact, these different effects on the single components are why we see quite
different behaviors in some New York and San Francisco models (e.g., Stand-alone Retail, Large Office, etc.) in Figure 7
that do not follow the general trend. For other building typologies (e.g., Apartments, Schools), the differences related to the
climate were small. This is because their total heat emission was not driven by a singular component but rather by a mixture
of the components affected differently by the climate. Generally, higher relative differences were registered with the 90.1-

2016 efficiency level compared to the 2004 one. This is because heat emission decreases greatly for the HVAC-related



components but is relatively constant for components that are generated by an unavoidable difference between the indoor

comfort levels (i.e., temperature and humidity) and the external weather conditions.
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Figure 7: Direct comparison of Annual Heat Emission in different climatic zones

5.2. Monthly results
To better understand the dynamics of the heat emission from buildings. In figures 8-10, the monthly heat emissions from
the building typologies are reported. In particular, Figure 8 groups the Residential, Lodging, and Retail models, while
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Figure 9 shows the Health Care, Office, and Education building models. Finally, Figure 10 shows the monthly results for

the Restaurant building models, characterized by the highest heat emission per square meter of floor area.

Most building typologies increased their heat emissions during summer, except for the Large Hotel and Restaurants. This
corroborates the idea that the higher the solar radiation and/or the outdoor temperature are, the smaller will be the Zone
exhaust/exfiltration air and HVAC relief air heat emission components; but the envelope component will be larger. Thus,
for most buildings, in which the envelope component is the largest share, the summer corresponds to the peaks in heat
emissions. The Large Office model (Figure 9, in yellow) was characterized by a quite flat monthly curve; this is because
the different components play similar roles in the total heat emission, thus, a balance was reached. Generally, for the building
typologies characterized by this trend, the peaks of heat emission are registered around June or July, depending on the
climate, for most building typologies. However, the Primary and Secondary school models (respectively in brown and pink
in Figure 9) are characterized by a net decrease during July and August due to their schedule of occupancy and use. A
completely different trend was registered for the Large Hotel (Figure 8 in green) and Restaurants (Figure 10) models. A
decrease in monthly total heat emission was registered for the summer months and hotter climates. These buildings, as
outlined already with the annual values, were characterized by relatively high HVAC-related heat emission that decreased
with the increase of the external temperature. An exception of this trend was registered for the climate of San Francisco,
which is characterized by a relatively constant temperature all year long. For the San Francisco models, the heat emission

had a winter peak during December and a higher summer peak in June or July.
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Figure 10: Monthly heat emission results for Restaurants building function models

5.3. Hourly results

In Figure 11, the hourly results for four typical weekdays are plotted by components for the Medium Office model; in
particular, for the twenty-first of March, June, September, and December. From a comparative analysis with the main
weather parameters (i.e., Dry-bulb Temperature, the Global Horizontal Solar Radiation, and the Outdoor Relative Humidity),
it is evident that the trend of the envelope component was driven by the solar radiation component. The maximum peaks in
the envelope component are usually reached in the same hour of the solar radiation peak. Conversely, the components
related to HVAC systems have a trend related to their operation schedule (i.e., between 6 am and 10 pm). When the HVAC
systems are on, a correlation with the outdoor air temperature trend can be noticed. Finally, the three peaks registered for
the zone exfiltration heat loss correspond to the schedule to model the door openings (with peaks around 8 am, 1 pm, and 6

pm). As the HVAC-related and exfiltration components of heat emissions are highly dependent on the building operation



1 schedules, their daily patterns differ between occupied (weekdays) and unoccupied days (weekends or holidays). Figure 12
g shows the hourly average heat emission from the different components of the 2016 Primary School model in Fairbanks,
g divided into weekdays and weekends and holidays. The heat emissions are strictly correlated with the use of the building.
6 Only the envelope component is not as strongly linked with the operating schedules, as a matter of fact, it is more linked to

g the weather forcing variables.
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Figure 12: Hourly average divided into weekdays and weekends and holidays for the 2016 Primary School model in
Fairbanks
6. Discussion

6.1. Energy savings versus heat emission reduction

Figure 13 reports the ratios between the annual site energy and the annual heat emission of the two energy efficiency levels
from ASHRAE 90.1-2004 and 90.1-2016. From the site energy perspective, all the ratios were greater than one. This means
that the site energy for the 2004 efficiency level is usually higher than that for 2016. Except for the Fairbanks Full Service
Restaurant models, the ratio was slightly lower than one (i.e., 0.98). This is because, in the heating-dominated climate of
Fairbanks, the increasing efficiency in the envelope and systems was not able to counterbalance the decrease of internal
loads. In particular, the 2016 model showed a strong decrease in the energy used by lighting and electric appliances (e.g.,
refrigerators), resulting in higher heating energy needs. The heat emission ratios of 2004 models to 2016 models were
usually higher than one as well, except for the 2004 New York large and medium office models. This means that in general,
a decrease in the site energy use corresponds to a decrease in the heat emissions from buildings. However, the ratios between

the heat emissions were mainly lower than those for the site energy, especially in relatively cold climates.

This is caused by several reasons. First, the heat emission is proven to be usually higher than the site energy of a building.
Thus, it could be intended as the sum of the site energy of the building and other components (e.g., the heat exchanges
between the exterior surface of the envelope and the outdoor air). Second, the general purpose of all the energy conservation
measures adopted in the 2016 models had the specific aim to decrease the site energy use rather than heat emissions. Finally,
the energy conservation measures had a high impact on the HVAC-related heat emission components, because of the strong
increase of the energy efficiency of the building systems. In terms of the envelope, the measures reduce heat emissions on
the heat conduction part, however, they are not designed to act on the absorbed and then re-emitted solar radiation. In very

few cases (i.e., Large and Medium Office in 2004 New York climate) these measures were worsening the situation (i.e., the
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ratio was lower than one). Nevertheless, several exceptions to this trend, with higher values related to heat emission than
site energy, were observed for the Restaurant models in the Fairbanks and New York climates, as well as several building
types in the San Francisco and Tampa climates. For these climates, a large decrease in the envelope heat emission component
was found. Indeed, the relative decrease of envelope heat transfer coefficient (i.e., U-factor) was higher for these two

climates than for New York and Fairbanks. Thus, in the future, the energy conservation measures might be improved to also

balance UHI.
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Figure 13: Impact of building energy efficiency levels on the Annual Site Energy and the Annual Heat Emission

6.2. Effect of climate zones

To better understand the effects of climate on the heat emissions, a Pearson correlation analysis was run between the main
weather variables (i.e., Dry-bulb Air Temperature, Air Relative Humidity, Air Enthalpy, Horizontal Solar Radiation) and
the five heat emission components (i.e., Total Surface Heat Emission to Air, Total Zone Exfiltration Heat Loss, Total Zone
Exhaust Air Heat Loss, Air System Relief Air Total Heat Loss Energy, HVAC System Total Heat Rejection Energy) for
the 2004 New York Primary School and Hospital model. The Primary School model was chosen because it shows a mixture
of all the five heat emission components having a high share of the heat emission related to the envelope. Conversely, the
Hospital model is a building in which the heat emission is strongly dominated by the system components. The New York

climate was selected because of its high variability of climatic conditions across the seasons.

In Table 3, the main findings from the Pearson correlation analysis are presented for the Primary School model. Strong
negative correlations were registered between the outdoor air enthalpy and dry-bulb temperature respect to the Total
Exfiltration and System Relief Air Heat Losses: -0.86 and -0.83, respectively. Almost perfect negative correlations
(i.e., -0.97 and -0.92) were registered between the same weather variables and the System Relied Heat Loss. Moderate

positive correlations linked the HVAC System Total Heat Rejection Energy with the same characteristics of the outdoor air:
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0.69 and 0.68, respectively. Conversely, an almost perfect positive correlation (i.e., 0.98) was found between the Horizontal
solar radiation and the Surface heat emission component. The dry-bulb temperature on this last component showed a weak
correlation of 0.35, indicating that solar radiation plays the primary role in heat emission from the building envelope. Table
4 shows the Pearson correlation results for the Hospital model. The general trends of the correlations are quite similar. The
relation to the Relative Humidity is similar in absolute values too. Some differences were registered with the Temperature

and Enthalpy, as well as the Exhaust and HVAC rejection heat emissions. For these combinations, strong correlations

occurred; particularly with the HVAC Heat rejection, the correlations were positive and almost perfect.
Other general trends are outlined from the overall results. In the Fairbanks climate, HVAC relieved heat was prominent due
to higher inside and outside enthalpy (or temperature) difference; while San Francisco weather is mild and characterized by
strong solar radiation that dominates the surface re-emitting portion. Tampa is cooling intensive, and dominated by HVAC
rejections. New York climate, having high HDD and CDD, shows a mixture of these behaviors.
Table 3: Pearson correlation analysis results between output of the 2004 New York Primary School model and the main
external weather variables
Air Dry Bulb Air Relative Humidity Air Enthalpy
Temperature [°C] [%6] [J/kg]

Surface Heat Emission [J] 0.354 -0.372 0.240

Exfiltration Heat Loss [J] -0.832 -0.252 -0.856

Exhaust Air Heat Loss [J] -0.078 -0.301 -0.172

Air System Relief Air [J] -0.920 -0.207 -0.969

Heat Rejection Energy [J] 0.685 -0.063 0.688
Table 4: Pearson correlation analysis results between output of the 2004 New York Hospital model and the main external

weather variables
Air Dry Bulb Air Relative Humidity Air Enthalpy
Temperature [°C] [%6] [J/kg]

Surface Heat Emission [J] 0.333 -0.403 0.217

Exfiltration Heat Loss [J] -0.852 -0.313 -0.882

Exhaust Air Heat Loss [J] -0.717 -0.223 -0.769

Air System Relief Air [J] -0.953 -0.264 -0.997

Heat Rejection Energy [J] 0.901 0.118 0.942

6.3. Effect of building typology

The building typology demonstrates the largest influences in terms of the heat emission absolute quantity, patterns, and
intensity. In particular, a sensible spread on the ratio between the site energy use and the heat emission was observed (Figure
6). The Small and the Large Office models are an example to better compare two models with the same use function but
different characteristics, leading to large differences in their site energy use and heat emission behavior. The Small Hotel
model is one of the building typologies in which a large share of the heat emission is from the envelope convective heat
transfer to the outdoor air. It is characterized by a small building area with a relatively large surface-to-volume ratio, an
average window to wall ratio of 21%, wood-frame walls, and an air-source heat pump providing heating and cooling. Thus,
its energy consumption is mainly due to electricity. Conversely, the Large Hotel model is characterized by a large building

area, an average window-to-wall ratio of 40%, concrete block walls, a gas-fired boiler for heating, a water source direct
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expansion cooling coil, and two water-cooled centrifugal chillers with a cooling tower for cooling. These properties lead to
relatively high consumption of natural gas during the winter months and electricity all year long, as well as a high heat
emission from the HYAC component. The cooling tower presence is related specifically to the HVAC Reject Heat Emission
from the building, as presented in Figure 14. Large buildings tend to use central cooling systems with a chilled water plant

to meet the intensive cooling loads.
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10000 A

HVAC Reject Heat Heat Emissions GJ
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Cooling Tower

Figure 14: Boxplot relating the HVAC Reject Heat Emission and the presence of a cooling tower in the building

In particular, the heat emission from the Small Office model (Figure 15) reaches an evident monthly peak during the summer
months, due to the strong correlation between the solar radiation and the surface heat emission that is the largest share of
the emission components. Only in the climate of Fairbanks during the winter months did the heat released by the HVAC
system exceed the envelope component. The highest peaks for the heat emission from the envelope were reached around
June for all climates; while the highest peaks for the HVAC relief heat occurred around July for the climates of Fairbanks,
New York, and Tampa. However, the peaks in the San Francisco climate (with the CDD in September) were reached in
August for the 2004 model and September for the 2016 model. There is no exhaust fan in the model, so there were no
exhaust air-related heat emissions. The exfiltration is also very small due to the tightness of the envelope. For the climates

of San Francisco and Tampa, a decreasing trend from the 2004 to 2016 model was observed for all the components.

On the other hand, the heat emission from the Large Office model (Figure 16) shows a flatter monthly variation, but the
differences were registered between the different components. For example, during the hot summer in New York and the
hot weather of Tampa, the HVAC heat rejection reached negative values. For this building typology, there is no exhaust fan
and little air exfiltration, so their related heat emission is negligible. The recirculation air is managed almost completely by
the HVAC system; hence, the related heat emissions follow the general trend of decreasing during the summer. Again, the
envelope component shows similar trends to the other building typologies, with peaks around July for the climates of
Fairbanks, New York, and Tampa, and in September for San Francisco. A “compensation” of the heat emission, especially
during the hot months, was reported. The summer months registered an increase in the heat emission from the envelope and
the HVAC system. At the same time, the summer months affected the heat emission due to the system relief air, with a
decrease, being cooler (close to the conditioned room temperature) than the hot ambient air. Thus, the final emissions were

relatively low and stayed constant.
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Another highlight is that Restaurant models showed a much higher heat emission per building floor area compared to the
other building typologies. To better understand the trends and causes of this fact, the monthly site energy use and heat
emission by components were plotted for the Quick Service Restaurant in Figure 17. The large share of the heat emission
from the Quick Service Restaurant models was due to the air exhaust by fans from cooking in the kitchen. The summer
months show a decrease of heat emission from the fans, due to the smaller difference in enthalpies between the exhaust air
and the outdoor air. Negative values of this component were registered for July in the 2016 New York model and 2004
Tampa model, when the outdoor air was hot; while for the 2016 Tampa model, negative values were reported from May
until October. Null or almost null values for the exhaust air component were registered for August for the 2016 New York
model and for June and August for the 2004 Tampa model. The zone exfiltration component followed a similar trend. The
HVAC heat rejection component had greater monthly variations for the New York and Tampa model, while it remained
relatively constant for the Fairbanks and San Francisco models. The results show a larger decrease in the exhaust air heat
loss compared to other components between the 2004 and 2016 models. Conversely, the envelope component followed the

radiation trend and remained almost constant between the two efficiency levels.
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Figure 15: Site energy by sources and Monthly Heat Emission by components for the Small Office models



OCoO~NOUAWNE

Energy [G]]

Energy [G]]

Fairbanks - 2004

= 4000
>

g
€ 3000

New York - 2004

6000
5000

4000
3000
2000
1000

0

—1000

San Francisco - 2004

5000

4000

Energy [G)]

= [~ w
(=] o =]
(=1 =1 =3
o o =]

o

5000

4000

3000

2000

1000

0

5000

4000

3000

2000

1000

0

Fairbanks - 2016

M

New York - 2016

T

San Francisco - 2016

Tampa - 2004 Tampa - 2016
8000
4000
6000 4
3000
4000
2000
2000
1000
0
0
—2000 4
T T T T T T T T T T T _1000 T T T T T T T T T T T T
c a . = > I = o a - > o c o - = > = 5 o =% = > o
= £ & F 2 2% 2z & 5 &2 & = ¢ 2 & F 2 = 2 & 8 2 &
Month Month
mm Gas [G)] mmm Surface Heat Emission to Air [G]]  mm Zone Exhaust Air Heat Loss [G]] mmm HVAC System Heat Rejection Energy [G]]
0 Electricity [G]]  mmm Zone Exfiltratio Heat Loss [G)] BmE Air System Relief Air Heat Loss Energy [G)]

Figure 16: Site energy by sources and Monthly Heat Emission by component for the Large Office models
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Figure 17: Site energy by sources and Monthly Heat Emission by components for the Quick Service Restaurant models
The building typology characteristics led to a large difference in the ratios between the heat emission and the site energy
use. Particularly, the ratio between the Total Site Energy per a building’s total air volume is shown in Figure 18 for the
entire set of 128 simulations, i.e., including all the building typologies, climates, and efficiency levels. The building
typologies with the lowest total site energy over volume (below 0.08 GJ/m®) were characterized by different ratios, ranging
from about 4 (for the 2016 San Francisco Stand-alone Retail model) to 25 (for the 2016 San Francisco Warehouse model).
However, lower ratios corresponded to higher Site Energy use. Moreover, from 0.5 GJ/m? and above, an almost flat trend
(about 2.5 GJ/m®) was registered for the ratios. This means that there was not a constant relationship among all building
typologies between their site energy consumption and heat emission. However, for high-intensity energy buildings (e.g.,
Large Hotel, Hospital, Out Patient HealthCare, Full Service Restaurant, Quick Service Restaurant), a clearer relation can
be found.



O©CO~NOOOTA~AWNPE

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

259

207

o
T
o
>
o
0]
c
L
@ 151
2
g L
S 10
48 ®
£
L
© 5
T N
o %% O 0% o q
0_ T T T T T T
05 1.0 1.5 2.0 2.5 3.0

Total Site Energy over volume G)/m?

Figure 18: Scatterplot of the Total Site Energy per building air volume and the heat emission-to-site energy ratio

7. Conclusions

This study presents a method to calculate the heat emission towards ambient air from buildings, which can be grouped into
three main contributions by components of: (1) building envelope, (2) zones, and (3) HVAC system. The heat released by
the envelope component includes exterior surfaces’ convective heat to the ambient air and their long-wave radiation towards
the moisture and particles in the air including, both in the convection and in the radiation, the solar energy absorbed and re-
emitted by walls, roofs, and windows towards the ambient air. The zone component includes two types of air discharged
from the building: the exfiltration and the air exhaust by fans. Finally, the heat released by the HVAC system includes the
air relief/exhaust by fans in the AHU, as well as heat rejection from cooling towers, air-cooled condensers, and combustion-
related exhaust from gas-powered boilers or burners. The HVAC system component of the heat release, during summer
cooling mode, is the sum of the building’s zone cooling load, the outdoor air conditioning load, and the electricity consumed

by the HVAC system to provide the cooling.

A deeper knowledge of the heat release from buildings is fundamental in the understanding and modeling of the
microclimate in urban areas, and until now, it has been largely oversimplified. A quantitative assessment of heat emissions
from buildings is important to develop effective strategies to mitigate urban overheating and UHI, especially during
heatwaves. The method was implemented as a new feature in EnergyPlus version 9.1 using physics-based heat balance
equations. A total of 128 building energy models were run, covering 16 U.S. DOE building typologies, four climate zones,
and two energy efficiency levels (ASHRAE Standard 90.1-2004 and 2016). In the future, this method could be coupled with

a detailed urban microclimate model to better study UHI and its effect on building energy consumption.

To verify the method implemented in EnergyPlus, a simplified spreadsheet calculation was conducted, exploiting the
EnergyPlus reported variables used in Equations 1-5. The verification model was the Case600 as part of the standard test
cases defined in ASHRAE Standard 140, modified with a Packaged Terminal Heat Pump, in the climate of Golden, Colorado

(U.S.). The verification results confirmed the validity of the heat emission calculation method.
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Simulation results from the 128 building energy models showed that a building’s annual site energy use is different from
its annual heat emissions. In 70% of the simulations, the heat emissions were higher than their site energy use. However, a
great variability was observed; the annual heat emission accounted for from 1 to 25 times the annual site energy use of the
building, with an average of about 2.5 times as much. The characteristics of the building and, in particular, its systems, lead
to significant differences in the heat emissions by component, as well as the monthly and daily patterns of heat emissions.
There are several typologies of buildings (e.g., Warehouse models) for which a large part of the heat emission comes from
the envelope component; while for others (e.g., Restaurant models), the main share is related to the exhaust air. The
simulation results prove that the heat emission can vary largely by month and by day, thus, its dynamics should not be
neglected. The analyses across different climates showed that, for building typologies in which the envelope component has
the largest share of the heat emission, the higher the solar radiation, the larger the heat emission from the building, because
of the larger temperature difference between the exterior surfaces and the ambient air. Conversely, when the main
component is the exhaust air, the heat emission increases for colder climates. However, there are several building types (e.g.,
Apartments, Malls) that showing a little impact of climate on the heat emission results. In particular, from the hourly analysis
of the Medium Office model and the Pearson correlation analysis, it is evident that there is a strong correlation between the
envelope component of the heat emission and the solar radiation. The components related to the HVAC system are strongly

affected by their operation schedules, equipment efficiency, and the outdoor air temperature.

Limitations of the proposed method include the lack of modeling long-wave radiation between a building and surrounding
buildings, which can influence a building’s exterior surface temperatures and cooling/heating demand thus heat emissions
to the ambient air. Moreover, the building simulations use a preselected annual hourly weatehr file which does not explicitly
consider the influence of the heat emissions from the building. Other potentail limitations relate to the algorithms used in

EnergyPlus, e.g., the linearization and simplification of some complex physical phenomena in the heat and mass transfer.

Future research can include an integration of the heat emissions from buildings with urban microclimate models (e.g., WRF
[52] and CityFFD [53]) via computational fluid dynamics. This is a mandatory step to better understand the urban dynamics
in terms of heat exchanges in urban environments. Further insights are also needed on which energy conservation measures
usually applied to buildings could be beneficial in reducing heat emissions from buildings, which raises a significant
guestion on how a building design will differ if its performance is optimized by heat emissions rather than the traditional
metrics of energy use or utility costs. It will also be interesting to investigate how green building deisgn reduces heat

emisssions compared with conventional buildings.
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