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Abstract: District heating (DH) has a major potential to increase the efficiency, security, and sus-
tainability of energy management at the community scale. However, there is a huge challenge for
decision makers due to the lack of knowledge about thermal energy demand during a year. Thermal
energy demand is strongly dependent on the outdoor temperature, building area, and activities.
In this context, this paper presents an innovative monthly thermal energy mapping method to
calculate and visualize heat demand accurately for various types of buildings. The method includes
three consecutive phases: (i) calculating energy loss, (ii) completing a dataset that includes energy
and building information, and (iii) generating the monthly heat demand maps for the community.
Determining the amount of demand and the best location for energy generators from the perspective
of energy efficiency in a DH system in an urban context is one of the important applications of heat
maps. Exploring heat demand characteristics and visualizing them on maps is the foundation of
smart DHs.

Keywords: district heat network; thermal energy modelling; heat map; university campus; Ireland;
GIS energy mapping; building heat demand and generation; heat balance

1. Introduction

Cities are responsible for more than 50% of total global energy demand [1], while
a huge portion of this demand is utilized for thermal purposes to provide comfortable
indoor temperatures as well as domestic hot water in buildings [2,3]. In the ‘Heating
and Cooling Strategy’ of the European Commission (EC), the significant potential of
heating demand to reduce energy consumption was highlighted on one hand, and on
the other hand, district heat networks (DHN) were recommended as a successful method
for decarbonizing cities [3]. District heating (DH) is a promising approach to achieve
low carbon heat [4] and supports the use of various thermal sources, such as fossil fuels,
renewables, and waste heat [5].

However, compared with the electrical smart grid, DHN did not develop, particularly
in terms of sharing surplus heat technology. The main reason involves the complicated
prediction of heat demand for various types of buildings, such as hotels, sports centers,
colleges, residences, and commercial structures.

This study assessed the characteristics of a group of network members, i.e., buildings,
in terms of their ever-changing heat demand during a month or even a day. The patterns of
heat energy demand were investigated in further detail to generate a smart DHN (SDHN).
Using a case study, the authors explored how the heat demand varies in each month at
a university campus. The developed methodology helps to manage the heat demand in
shorter time periods, and this achievement increases the efficiency as well as the security
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of a DHN. This method can improve knowledge in the field of DHN, moving the field
toward smart DHN (SDHN). SDHN can apply all types of energy sources, including fossil
fuels, renewables, or hybrids. The methodology provides a platform to share the extra heat
between the network members.

Understanding the amount and pattern of heat consumption of the studied campus
was the main objective of the research. The efficiency of heat consumption in the individual
heat boilers was assessed and compared with the efficiency of the DH system.

In addition, based on the completed energy building database (EBD), a GIS-based tool,
i.e., district heat balance (DHB) tool, was developed and applied to generate heat maps.
Then, the heat maps were used to discover thermal demand density, the baseload, and the
peak load of case study buildings. The main purpose of heat maps is to understand heat
consumption (size) and geo-scattering of thermal anchor loads. Heat maps are used to
extract effective policies to reduce thermal energy at the community scale. Determination
of the best location for central heat generators in an urban context from the perspective of
energy efficiency is one of the basic advantages of the heat maps. Assessing the criteria,
such as minimum heat loss and costs and maximum efficiency, as well as the optimum
land cost to determine the best location for heat generators, could be investigated in
future studies.

2. Background
District Heat Network (DHN)

In the contemporary century, four generations of district heat network (DHN) were
developed. The first and second generations applied before 1980, and they circulated steam
or pressurized water at over 100 °C. However, the third-generation (3G) circulates water at
medium to high temperature (80-100 °C), and all these are mentioned as high-temperature
district heat networks (HTDH). Since 2008, the fourth generation (4G) system introduced
what are called low-temperature district heating networks (LTDH), and they circulate
water between 30 and 70 °C. A study [6] has suggested that future grids may use 4G
distribution networks with annual mean temperatures of 50 and 20 °C for supply and
return, respectively. The references [7,8] have assessed “ultra-low temperature networks
with the temperature below 50 °C. In this method, high-efficiency heat pumps can be used
at the endpoint (building boundary) if heat demand with higher temperatures is required.

The fifth generation (5G) of DHN is integrated with renewable energy resources
and relies on smart technologies [9]. The 5G systems are decentralized, bi-directional,
close to ground temperature networks that apply direct exchange of heat, combined
heating and cooling, cold return flows, and thermal storage to balance thermal demand as
much as possible [10,11]. The 5Gs focus on the decentralized heat generators installed at
customer stations. The success of this system highly depends on the accurate prediction of
heat demand.

Spatial analysis is essential to control DHN potential since its applicability depends
on the local characteristics of heat demands and patterns. Recently, Ireland started moving
toward the application of DHN when its first spatial energy demand analyses were pro-
duced for South Dublin in 2015 [12]. Nevertheless, the predominant heating method in the
country is local central heating (mostly individual boilers) and uses fossil fuel.

Most of the studies on DHN focused on the water temperature, and others [13-15]
presented a heat atlas that illustrated heat supply and demand at a large scale, such as a
city without focusing on individual buildings” demands. A group of studies assessed the
length of network pipes using mixed integer linear programming (MILP) solvers [16], a
minimum spanning tree algorithm [17], or similar optimal network decision methods to
reduce heat losses during the heat distribution process [18].

Based on actual heat demand data, DH managers can design efficient DH plants and
consequently reduce the energy price [19]. The total daily space heating (SH) demand for
each geographical zone was calculated based on the proportion of day-specific heating,
in degree days [20]. Some studies also have been conducted to evaluate heat losses in
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DH systems by efficient transmission loads along a distribution network [21,22] as well
as determining the location of thermal energy demands [23,24]. Discovering the location
of huge thermal demands (large building size and high demand) in terms of DH network
energy efficiency is crucial.

The authors of [25,26] developed an algorithm to evaluate design heat demand of a
future urban context as a pathway for decision-makers. In references [27,28] using three
building case studies, a detailed investigation was presented on building consumption
profile modeling. A certain load profile was used for all buildings in the same category.
However, the buildings in an urban context are not necessarily classifiable in one group.

Based on the studies conducted across Europe in terms of domestic hot water demand,
Harney et al. [29] classified the demand into four categories, including short draw (e.g.,
handwashing), medium draw (e.g., dishwashing), shower bath, and bathtub. Each demand
class was responsible for 14%, 36%, 40%, and 10% of the total volume of daily domestic hot
water consumption, respectively.

Nicholas Fry [30] developed a method for mapping building-level heat demand
for three US demonstration municipalities, i.e., Montana, Idaho, and Washington. The
author determined 9 building categories, such as single family residential, office and retail,
multifamily, school/campuses, restaurants, and hospital-healthcare. According to this
study, a hospital’s annual heat demand is very much lower than that of a single family
residence. However, Chartered Institution of Building Services Engineers, CIBSE TM
46 [31], has suggested that both of them need 420 kWh/m?/year.

One of the best references for heat and electricity demand at the building level is
CIBSE TM46 [31], which presented the heat demand of 29 building categories based on
local weather, building conditioned area, and building type. For example, a school, a
university building, a hotel, a general office, and a restaurant need 150, 240, 330, 120,
370 kWh/m? /year of thermal energy, respectively. Comparing other published research,
TM46 presents a comprehensive number of building types with a high level of accuracy. It
shares a method to adjust energy demand patterns—for instance, the difference between
full and part time usage of a building. Nevertheless, TM46 does not present the demand
for monthly or shorter periods.

Hanmer et al. [32] studied the heat demand patterns in UK residences, and they
explored social routines, e.g., the timing of work and school affect heat consumption.
Based on the actual data and interview, the authors found two heat consumption peaks at
07:00 and 19:00 o’clock when people are leaving home for work and switching off boilers
at nighttime.

Directive (EU) 2019/944 determines and regulates the formation of citizen low energy
communities. Allowing for a broader diffusion of on-site renewable energy sources, for
example, solar thermal is believed to be a key factor in decreasing buildings” carbon
footprint by generating and maximizing renewable energy self-consumption [33]. Several
studies investigated solar power community energy, but few studies focused on sharing the
extra solar thermal hot water at the community scale. Solar thermal hot water generation
varies during a day and year. Visualizing solar heat demand and generation as well as the
balance between them are applicable, applying daily or monthly heat maps. Addressing
the gap in this area could improve the security of SDHNS.

On the whole, the studies in the field of DHN could be classified into three categories:
(i) water temperature and the related technology, (ii) network characteristics, members
(buildings), and their efficiency as well as cost-effectiveness, and (iii) heat supply and
demand, energy resources, smart networks [34], and technology [35].

The reviewed literature highlighted the role of smart heat networks and their efficiency,
while heat demand and its consumption patterns are the fundamental part of this network.
The study of heat demand or supply maps and research in this field will help to achieve a
zero-carbon city. Open access to energy consumption and buildings data is fundamental to
improve energy assessments and mapping. Openness is the best way to speed up research
by public administrations, governments, and scholars. Therefore, open access promotes



Energies 2021, 14, 5462

40f17

the construction of a reliable and robust dataset [36]. Open access to energy data is the
main obstacle in front of research in the DHN area.

3. Methods and Datasets
3.1. The Case Study

Trinity College Dublin (TCD), Ireland, founded in 1592 and located in Dublin city
center [37], was used as a case study. Figure 1 shows the boundary of the TCD campus. The
campus area is approximately 172,000 m? and its perimeter is about 1718 m. There are 68
buildings located on the campus, with a footprint area of 51,615 m?. The overall building
area is approximately 156,665 m2. The footprint area shows the area of land used by the
ground floor of a building on the campus site, while the overall building area includes the
area of all floors, such as the basement floor. The scattering of the 68 case study buildings
on the campus is shown in Figure 1.

1. Moyne Institute

2. Hamilton Building

3. Biochemistry Building

4. Chemistry Building

5. CRANN and Sport Center
6. Dixon Hall (SNIMS)

7. Lloyd Building

8. Aras & Phiarsaigh

9. Berkeley Library

10. Est and 4 and 5, and the
Panoz Institute

11. Biotechnology Building
12. Museum Building

13. Dining Hall

14. Accommodation

Figure 1. The boundary of TCD campus.

3.2. Visualizing Current TCD Campus Heating Method

The heating systems at TCD can be divided into two groups: (1) district heating (DH)
system, and (2) individual boiler systems. These heating systems are not connected, so
that each system is run, managed, and serviced independently. The first system applies in
the west part of the campus (yellow color in Figure 2) and serves the Buttery Restaurant;
Atrium; Houses 4, 10, 12, 14, 24, 26, and 35; Graduate Memorial Building; Provost’s House,
Public Theater; Reading Room; and Dining Hall. Individual boiler systems, on the other
hand, serve the rest of the buildings on the campus. The size of green circles on the map
(Figure 2) shows the number of boilers installed in each building. For example, in Berkeley
Library, six boilers were installed. As visualized, it will be possible in the future to connect
the individual boilers to create second or third DH zones on the campus.

To generate a robust base for a DH system, energy models and maps are essential [38].
Since a DH relies on local thermal energy demand densities as well as on resources, energy
maps that involve detailed information at the building scale are a prerequisite. The DH
heating system in TCD was compared with individual boiler systems.
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Number
of boilers  #3

Figure 2. The current heating systems of TCD.

3.3. Assessment of Heat Losses at TCD Campus

Based on the actual data shared by the Estates Office of TCD, the overall annual heat
loss of the boiler systems was calculated. In addition, the heat loss of each boiler was
assessed. According to the ArcGIS analysis, the overall useful area of the buildings serviced
by the DH system was 43,793 m?. According to the CIBSE TM46:2008 methodology [31] and
the monthly thermal energy models (MTEMs) developed in [39,40], the buildings needed
(in 2012) 11,312,468 kWh thermal energy per year. These buildings occupy approximately
14,916 m? of the campus land (the overall area of the footprint of buildings). The detailed
information, including the area and thermal energy demand of all buildings heated by the
DH system, is presented in Table 1.

Table 1. Information of the buildings heated by the DH system.

Building Name Footprint Area (m?) ThencnﬁslsE]; fﬁ%\)]’h?;gland

Dining Hall 2290 1,488,961
Art Block College 1410 737,633
Graduate’s Memorial 1004 757,904
Provost’s House 998 244 911
Disin House 923 182,179
Trinity College Dublin, New Square 863 24,736
Entertainment Hall 774 473,999
West Chapel accommodation Office 773 683,524
Student Residential 727 530,247
Student accommodation 1 718 920,199
Graduates Reading Room 690 417,820
Electrical Engineering 659 779,786

Trinity accommodations 622 2,236,607

General Office 3 573 4817

Trinity College Dublin 561 30,307
Student accommodation 2 310 76,7509
General Office 2 179 176,309
Chief Steward’s House 144 241,915
Laundry 53 327,109
Chief Steward’s House 1 23 285,996

Total 14,294 11,312,468

The Estates Office of TCD in 2015 reported that the boilers were switched off at
nighttime, between 7:00 p.m. and 6:00 a.m., throughout the year [41]. The results of the
survey show that the temperature of water in the boiler’s storage tank before switching
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off was 70 °C, but in the morning, it was 20 °C. The 50 °C difference between evening
and morning temperature of water indicates a significant heat loss. The Estates Office is
switching off the boilers because at nighttime there was nearly zero demand (kWh) for
space heating or hot water in many buildings. This was accomplished as a part of the
campus policy for energy efficiency. The policy was also implemented during the holidays
and weekends.

Based on the volume of water associated (i.e., the volume of the tanks), and other
necessary information (Table 2), the monthly and annual heat losses were calculated.
Equation (1) was used to calculate the heat losses.

Q=[cxM x (T2 — T1)] =cM AT 1

where Q is the amount of heat loss, c is the specific heat of water (c = 4.1868 J/gr x °C), M
is water mass (liter), T2 — T1 =50 °C, 1 L of water = 1000 g.

Table 2. The calculated heat loss of boilers at TCD campus.

Boilers Tank Capacity Flow-Return Daily Heat Loss I]:I::St
Location (Liter) Temperature (°C) (14)) (KWh)
Aras An Phiarsaigh 1600 70-60 334,944 93
Samuel Beckett 1100 70-60 230,274 64
200 Pearse St 800 70-60 167,472 47
199 Pearse St 1100 70-60 230,274 64
190 Pearse St 700 70-60 146,538 41
193 Pearse St 300 70-60 62,802 17
194 Pearse St 700 70-60 146,538 41
Civil Engineering 2000 70-60 418,680 116
Sports and CRANN 12,000 70-60 2,512,080 698
O'Reilly Building 5000 70-60 1,046,700 291
17-19 Westland Row 1300 70-60 272,142 76
Hamilton Building 3500 70-60 732,690 204
Biotechnology 5750 70-60 1,203,705 334
Building
East End 12,000 70-60 2,512,080 698
Parsons Building 3800 70-60 795,492 221
Moyne Institute 3200 70-60 669,888 186
Lloyd Building 6000 70-60 1,256,040 349
SNIAMS 4000 70-60 837,360 233
Physiology and 5000 70-60 1,046,700 291
Zoology
Anatomy 1200 70-60 251,208 70
Chemistry 3800 70-60 795,492 221
Berkeley Library 4250 70-60 889,695 247
Total 124,100 - 16,558,794 4600
Monthly heat losses (kWh) 138,000
Overall Annual heat losses (kWh) 1,679,000

According to the calculations, the overall annual heat loss of TCD boilers was ap-
proximately 1679 MWh. This is a huge heat loss and needs to be addressed properly. The
DH system in the west of TCD did not follow the daily switching on/off strategy. The
reason was that the DH system at nighttime serves a group of buildings, e.g., residential
accommodations, that need hot water continuously. The mixed-use functions of buildings
in the network—such as residential, which has continual heat demand—caused the DH
system to not need to turn on/off daily. The purpose of calculating the heat losses from the
individual boiler systems was to indicate that the other system, i.e., DHN, is more efficient.
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3.4. Calculation of Thermal Demand

A university campus is a sample of a community with various buildings that have
different thermal demands and patterns. The amount of heat demand is modified based
on the activities in buildings [40], outdoor temperature, and building area. Therefore,
calculating the accurate amount of thermal energy demand based on these factors is
fundamental. The actual heat demand data applied in the assessments related to both space
heating and domestic hot water. The monthly heat demand calculation was addressed
comprehensively by applying valid monthly thermal energy models (MTEMs) [39] for
typical educational buildings, such as a college. However, a campus also includes other
types of buildings, which are important from the heat demand perspective. Sports centers,
libraries, laboratories, amphitheaters, shops, and restaurants are usually found on a campus,
and they need a large amount of heat energy per unit area. For example, a restaurant needs
thermal energy of 370 kWh/m? per year [31].

The other types of buildings on a campus except for the typical college buildings,
such as a restaurant, were called non-UC buildings, with various heat demand sizes and
patterns. The monthly heat demand estimations in non-UC buildings are also essential
to quantify daily or monthly thermal energy demand at the campus scale. The heat map
(HM) methodology developed in this paper considered all types of buildings on a campus
when calculating the heat demands. The HM method and the capability of the DHB tool
are explained in further detail in the following sections.

In fact, non-UC building types comprise 28 categories, as defined by CIBSE TM46 [31].
These 28 categories cover all types of buildings on a campus, and they include many
building types, for example, sport center, swimming pool, restaurant, lab, library, shop,
etc. Each type has its special thermal demand benchmark. To calculate the amount of
mean monthly thermal energy demand of non-UC buildings, the annual thermal energy
benchmarks based on the dominant function (single function) of the buildings were derived
from TM46 and divided by 12 (number of months in a year). Then the result was multiplied
by the total useful floor area (TUFA) of that building, which was obtained by survey. Using
Equation (2), the mean monthly heat demand was calculated for non-UC building types.

The mean monthly thermal energy demand for a non-UC building (Q1) with dominant
function (i) is:

Q1 = ((TM46 benchmark (i))/12) x A )

where benchmark (i) in kWh/m? /yr refers to the dominant function of the building, and A
is the total useful floor area (m?) of a given building.

A hybrid heat map (HM) methodology was developed, which was a suitable GIS-
based method for analysis and management of heat demand or surplus at the community
scale, in this case, a university campus. Hybrid methodology means the combination of
both MTEMs and TM46 methods. HM was also applied to assessing the efficiency and
feasibility of district heating (DH) systems at the case study campus.

3.5. Development of the Smart District Heating Network (SDHN) Dataset

The district heat balance (DHB) tool developed in this research is applicable for
calculating heat demand and generation at daily or monthly resolutions. In addition,
it can share a lot of valuable information about the buildings and energy analysis. If
a user of the DHB tool clicks on a given building in ArcGIS, for example on the Lloyd
Building, a window will open that delivers valuable information in a table format, as
presented in Figure 3. The information can be used for multiple purposes, for instance,
energy efficiency planning to reduce fossil energy consumption at the neighborhood scale.
The DHB tool shares useful information such as the monthly heat demand analysis data,
dominant and mixed activities in the building, gross heat density (H_UEDg), footprint
heat density (H_UEDY), building floor area, building total area, number of floors, and the
annual thermal energy demand of the case study buildings.
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£ | Identify

Identify from: I <Top-most layer>

=) Export_Output_<
183.692625
Location: 716,999.71% 734,094.898 Meters
Field value
FID 1792
Shape Polygon ZM
perimeter 183.692625
BUILDING_I 37002451
AREA_SQR_M 1444.769
BUILDING_H 7.01
x 716459.360674
Y 7340484.797734
FI1D 1792
DominantCategory Row 18
Mix_Use 10
Mix_UseCategories 18,1,23,27, 28
|[ BuildingName Lloyd Building

FootPrint_Aream?2 1935
uUseful_Floor _Aream?2 S010
FossilEnergy_kwhm2_CIBSE 250
FossilCO2_kom2_ CIBSE 46
H_UEDg 2490
H_UEDf 1497

Figure 3. Screenshot of attribute table of DHB tool, energy and building information.

4. Results and Discussion
Monthly Heat Maps for TCD Campus

The DHB tool is a GIS-based tool developed in this research to generate monthly
thermal energy maps. In ArcGIS, the DHB tool was linked with EBD (energy building
database), which includes all the energy data, such as display energy certificate information,
monthly thermal energy models (MTEMs) data, monthly thermal energy benchmarks
(MTEBs), and heat density. It also includes all the information obtained from the survey.
The attribute table of the DHB tool comprises 120,000 data cells, which were used to
generate the monthly heat maps.

To generate the monthly heat demand maps for case study buildings, two methods
were combined. The method of monthly thermal energy models (MTEMs) [39] was applied
for typical college buildings (PTC types) that did not need heating in summers. The CIBSE
TM46 [31] method was also applied to calculate the energy demand for non-UC buildings
(PTC types). In ArcGIS, both methods were combined, and the heat maps were generated.
Further information about these methods was explained in Section 3.4.

The analysis of the thermal energy map of TCD in January 2012 revealed that the
highest thermal energy demand among the buildings on the campus was 330,748 kWh
belonging to the Arts Building, followed by the Panoz Institute and Lloyd Building, with
231,550 and 225,250 kWh, respectively (Figure 4). The lowest demand, however, was
approximately 6500 kWh belonging to a storage facility building in the north of the campus
behind the Simon Perry Building. In the figure, the darker colors show a higher thermal
energy demand and lighter colors a lower thermal energy demand. NCC refers to “No
Condition Control” spaces or unconditioned spaces such as a garage.
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Figure 4. The heat demand (HM) map of January.

The key characteristic of a spatial thermal demand map is to identify the locations of
potential anchor thermal energy loads. Anchor thermal energy loads are high heat demand
buildings, such as swimming pools. In addition to the high-density thermal energy load,
the other parameter that should be considered in the identification of an anchor load is the
continuing demand pattern. For instance, a building with high thermal energy density
during a short period, such as a month or even a season, is not a thermal anchor load.

Detailed analyses of the monthly fossil thermal energy demand of TCD buildings
were undertaken using the DHB tool and, as a sample, the demands in August are shown
in Table 3 at the building level. The analyses were presented at the building level; however,
they can be presented at a larger level, such as at a campus or an urban context level.

Table 3. The thermal energy demand in August at the building level.

o1 qs August Heat

FID Building Name Demand kWh
1724 Chapel 20,409
1920 GP 21,343
1351 Coffee Shop Pavilion 22,236
3604 Examination Hall 23,833
3603 Office at Front Square 27,259
1986 Graduate’s Memorial 44,187
1504 CRANN 49,231
1831 Accommodation Library Square 49,375
1367 Berkley Library 54,605
1990 Accommodation east tennis 54,774
3781 Old Library 56,017
1979 Accommodation south ARAS 56,960
1718 Provost’s House 61,469
1820 Staff accommodation 62,851
1722 Office Parliament Square 63,159
1932 Samuel Beckett Theater 70,473
1373 Berkeley Library 2 122,415
1365 Berkeley Library 3 122,437
1500 Sport Center 177,854
2044 Dining Hall 186,384

— Total 1,347,271
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The HM of TCD in July 2012 is presented in Figure 5. According to the map, the
thermal energy demands of UC buildings (typical college buildings) at TCD were zero;
however, the non-UC buildings with functions such as residential, Sports Center (swim-
ming pool), restaurants, and library needed the thermal energy over this month. For the
definition and typical characters of a college building, refer to [40]. According to the HM
of July, the highest thermal energy demand belonged to Dining Hall with 186,384 kWh
followed by Sports Center with 177,854 kWh.

mm NCC
50 Not Exist
S No Data
BN Water

Green Spaces
B 0 kwh
= 1-500 kWh
{ $01-1000
1001-2000
2001-3000
3001-4000
4001-6000
6001-8000
8001-12,000
12,001-16,000
16,001-20,000
20,001-25,000
25,001-30,000
30,001-40,000
40,001-50,000
$0,001-80,000
80,001-110,000
110,001-140,000
140,001-170,000
170,001-200,000
200,001-300,000
300,001-500,000

€

SEUUUUUUOUEEES

YT YTy

LU

Figure 5. The heat demand map of July.

According to the ArcGIS statistical analysis, the overall thermal demand of non-UC
buildings in July 2012 was 1,529,438 kWh. In addition, the average daily thermal energy
demand was approximately 51,000 kWh, which indicates the baseload (the lowest daily
load) of the campus. On the other hand, the peak load (monthly and daily) can be derived
from the analysis of the January heat map presented in Figure 4. Based on the statistical
assessments, the thermal energy demand of TCD in January 2012 was approximately
3,944,680 kWh, which shows an average daily demand of 131,000 kWh. The difference
between baseload and peak load was 80,000 (kWh/day), which refers to the space heating.

This detailed information, i.e., baseload and peak load, which was obtained from the
analysis of the monthly heat maps, is crucial in designing a DH system. Such information is
very valuable at an urban scale. For example, understanding the thermal density, extracted
from the HM, helps urban planners to determine the optimized location for energy plants
nearby the anchor loads. This strategy reduces the energy loss of hot water in a DH system
due to the short distance between the energy plant and energy consumer, i.e., anchor loads.
In addition, knowing the base and peak heat loads is useful in the design of a DH system
plant in terms of water tank capacity and power. For instance, such evidence could be used
by mechanical engineers to calculate efficient plants.

By comparing both January and July maps (2012), essential information regarding the
anchor loads of the campus was obtained. The maps revealed the location of both anchor
loads, i.e., Dining Hall in the northwest of the campus and Sports Center on the opposite
side, northeast.

In addition, by analysis of the July heat map (Figure 5), two classes of buildings were
defined from the heat demand pattern perspective, (i) continual thermal consumers (CTC),
all buildings on the map except blue colored and NCC, and (ii) periodic thermal consumers
(PTC), blue colored buildings. PTC needs very low or nearly zero thermal energy during
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summers or at nighttime and holidays. Typical college buildings are a sample of this class.
CTC and PTC can be used as a foundation for thermal energy balance analysis.

The detailed analysis of thermal energy demand of both classes of buildings indicates
the footprint area of PTC was 28,234 m?, whereas the footprint area of the CTC class was
21,835 m2. The useful building area of PTC was 87,049 m?2 while the useful building area
of CTC was 60,852 m2. Accordingly, the annual thermal energy consumption of the PTC
class was approximately 14,640 MWh, while the annual consumption of the CTC class was
16,657 MWh. The monthly thermal energy consumption of PTC buildings at the campus
scale is presented in Figure 6.

2,500,000
Monthly Consumption (kWh)

2,000,000

1,500,000

1,000,000

500,000 I I
= = I

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6. The monthly thermal energy consumption of PTC buildings.

To explore the daily heat demand patterns, the hourly actual heat consumption data
were obtained from the TCD energy database. Based on these hourly data, the daily heat
demand pattern of case study buildings was discovered. Through the assessment of daily
consumption data of PTC buildings, the daily energy demand pattern was extracted as
shown in Figure 7.

1500
1000 i I

Days

kWh

Figure 7. The thermal energy consumption pattern of PTC buildings, Aras An Phiarsaigh, December
2013 [42].

The thermal energy consumption pattern of the PTC class not only depends on
the outdoor temperature and modifications through a year, but it also depends on the
attendance timetable of students/staff. For example, at nighttime, e.g., from 6:00 p.m. when
there were few students, the boilers at TCD are switched off. This strategy was observed
on the weekends and holidays, as shown in Figure 7. The actual daily heat consumption
data were obtained from Cylon Active Energy Management online dataset [42].
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Further assessment of the HM maps revealed that the location of the energy plant of
the DH system at TCD is located beside an anchor load, i.e., Dining Hall (Figure 8), which is
an optimized decision in terms of reducing heat losses when hot water circulates between
the heating plant and the anchor load (Dining Hall). The shorter distance results in shorter
piping, lower risk of repairing, lower water leakage risk, lower heat losses, lower thermal
insulation, and consequently lower expenses. The closeness of heating plant/generator to
anchor loads (consumer) is a key criterion that should be considered in land development
in future urban planning. Determining the best location for energy generators from the
perspective of energy efficiency in a DH system at the community /urban context is one of
the important applications of heat energy maps.
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Figure 8. Location of the anchor load and heating generator in the DH system.

1

s e

According to the analyses of the heat maps of May, June, (Figures 9 and 10), July
(Figure 5), October (Figure 11), and the rest of the year (Figure 12), it can be concluded that
if the DH system at TCD develops, an open space in the west of the Sports Center is the
best location for a new DH station. Layout 1 in Figure 12 indicates the analysis applied to
determine the optimal location. Based on the closeness to the anchor load (Sports Center)
and the availability of open space, the location was determined.

Based on the distance analysis presented in Layout 1 (Figure 12), the college map was
divided into three sections with 241, 224, and 205 m intervals. The current DH system
covers the first interval, i.e., 241 m in the west of the campus. The suggested new DH
system can cover the rest of the campus with a maximum distance of 325 m, as shown in
the figure. The new location is specified with a circle with an area of 415 m.

The suggested new DH system with maximum distance of 325 m can service the
buildings located in the southeast and east of the campus, such as the Parsons Building,
Moyne Institute, Chemistry Building, Smurfit Institute, Panoz Institute, Hamilton Building,
and Lloyd Building. Likewise, it can also serve another group of the buildings located
in the north of the campus with a distance of 224 m. Samuel Beckett Theater, Aras An
Phiarsaigh, and Simon Perry Building are examples of buildings in this group. In the
case of connecting both DH systems (the existing plant station near Dining Hall and
the recommended station near Sports Center), the maximum distance between them is
approximately 480 m. Establishing the recommended new DH system instead of individual
boilers can save a heat loss of 1679 MWh resulting from the daily boilers” on/ off strategy.
Using the DHB tool, seven monthly heat demand maps of TCD were generated and are
presented in Figure 13.
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Figure 9. Heat demand map of May.
Figure 10. Heat demand map of June.
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Figure 11. Heat map of October.
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Figure 13. The monthly fossil fuel heat map of TCD in 2012.
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The amount of monthly thermal energy demand of TCD at the campus scale is
presented in Table 4. The overall annual thermal demand of the campus was 31,361
MWh/yr. The lowest demand at the campus scale was in July, with nearly 1529 MWh,
while the highest demand was in January with nearly 3945 MWh. The results show that
the heat demand of TCD in January was approximately 2.5 times greater than that in July.

Table 4. The monthly thermal energy demand at the campus level.

Unit Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
kWh/yr 3945 3559 3364 2785 2398 1626 1529 1626 1723 2302 2979 3462 31,361

5. Conclusions

Thermal energy demand strongly depends on the building area, activity, and outdoor
temperature. Modeling and visualization of heat demand of individual buildings and
simultaneously at the neighborhood scale are fundamental to enhance the sustainability of
a smart DHN. In this paper based on monthly thermal energy models (MTEMs) and 29
CIBSE TM46 energy benchmarks, an integrated methodology for monthly heat demand
calculation and mapping for a university campus was developed. The generated heat maps
share detailed information to smartly manage the DHN. Based on the developed DHB tool,
the anchor and peak heat loads were calculated. Visualizing the location and size of heat
demand, such as the maximum and minimum loads and their consumption patterns, are
crucial for developing a DHN. According to the heat consumption patterns, two groups of
buildings, including continual thermal consumers (CTC) and periodic thermal consumers
(PTC) were identified. Discovering this detailed information is essential for managing a
DHN more sustainably. The methodology can replicate in any urban context to assess
the heat demand at both the individual building and community levels. This method
paves the way toward sharing surplus thermal energy across the DHN. Future studies may
focus on the sharing of heat energy between the community members using smart heat
measurement technologies.
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