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Abstract

District Energy Systems (DES), compared with
traditional individual in-building energy systems, can
save mechanical room space and energy costs, as well as
taking advantage of the load diversity between individual
buildings to reduce plant equipment installed capacity and
potentially recover heat between buildings. With the
increasing environmental awareness and needs for
flexibility and resiliency, DES have gained more interests
worldwide. Methods and tools are needed to efficiently
plan and design DES. This paper presents the new DES
simulation and evaluation feature of CityBES - a web-
based urban scale simulation and data analytics platform.
It first introduces the functionalities of the DES feature,
which includes visualization of district load profiles and
key statistics, and DES selection, configuration and
simulations. Then, it presents a case study of two example
districts with different sizes in two cities in the United
States with the DES feature of CityBES to showcase how
it can support preliminary comparison and selection
among several common DES options. The energy
consumption and simple economics metrics are compared
among common district systems in both examples,
including: (1) central boilers and chillers, (2) central
boilers and chillers with ice-storage, (3) heat-recovery
chillers with heat-pumps, and (4) ground-source heat-
pumps.

Key Innovations

e Load profile of a group of buildings can be
imported or directly simulated for individual
buildings in CityBES

e Physics-based models of typical district energy
systems

e Web-based simulation and analytical platform

Practical Implications

The new DES feature of CityBES allows users to quickly
model and compare the energy use, electric power
demand, and economic performance of typical DES
designs.

Introduction

Background

A DES is a network consisting of central heating and/or
cooling plants, distribution pipelines, and end-users that
aim to heat and cool buildings more efficiently than

installing heating and cooling plant in each building. DES
has a long history - oldest DES could be dated back to
14th century (Rezaie and Rosen 2012). Since the
inception, the development of DES could be segmented
into four generations, during which the fuel types, system
temperature, central heating and cooling technologies
kept evolving, which led to increasing energy efficiency.
(Lake, Rezaie, and Beyerlein 2017). Many of the well-
known benefits of DES include higher overall efficiency
due to heating and cooling load aggregation, waste heat
recovery, and opportunities for free-conditioning (e.g.,
leveraging ground source loops). In recent years, DES
have gained growing interests as they bring more benefits
in engineering, economic, and social perspectives such as
reducing GHG emissions, providing resiliency and
complementary services to grid (Rezaie and Rosen 2012).
To date, DES in the U.S. serves over 510 million m? of
heating floorspace and over 175 million m? of cooling
floorspace (Cooper and Rajkovich 2012). The global
growth of DES is anticipated to be 5.8% annually in the
coming decade (“District Heating and Cooling Systems |
Distributed Energy” 2020).

District Energy System Modelling

Despite the momentum, there are still challenges of DES
applications, which include uncertainties in long-term
economic viability, and lack of easily accessible system
evaluations. The key components of a DES include the
site where the DES is located, central plants that generate
heating and cooling energy, the end-users that consume
the delivered heating and cooling energy, and the
distribution network that delivers the heating and cooling
mediums from the central plants to the end-users (Talebi
et al. 2016). The factors that characterize a DES include
the geographical condition, system scale, heating and
cooling sources, end-use profiles, and technological
generation. Depending on the purpose of the applications
(e.g., conceptualization, feasibility analysis, design,
operation, optimization), the modelling techniques and
the levels of complexity vary. A high-level summary of
the modelling considerations by the key components are
discussed below:

e Site: DES site selection involves evaluations of
availabe energy types, heating sources and sinks,
heating and cooling demands. Geographical surveys
and techno-economic analyses are usually needed to
find the optimal site of DES (Chauhan and Saini 2016;
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Tanaka, Tomita, and Okumiya 2000). Site selection is
not the focus of most DES modeling tools.

e Central Plants: The modelling of DES central plants
mainly concerns the energy performance of the central
equipment under certain operational conditions (i.e.,
demand profiles, envrionmental parameters). There
are simplified methods for fast estimations (Riederer
et al. 2015), as well as detailed performance-curve
based modelling methods for control and
optimizations (Schweiger et al. 2017; Bucking and
Dermardiros 2018).

e Distribution Network: The main considerations in
modelling DES distribution network are the mass and
energy balances between the energy source and end-
uses within the piping network. The modelling
complexity ranges from only considering energy loss
factors for preliminary estimations, to detailed
hydraulic and thermal equilibrium calculations for
operation optimizations (Zarin Pass, Wetter, and
Piette 2018; van der Heijde et al. 2017).

e End-use Demand: End-use demand forecasting is
critical for DES planning and operation optmizations.
However, the district heating and cooling demands at
high temporal resolutoin are usually hard to predict
due to the heterogenous building types and use
patterns in district settings. In general, there are two
types of forecasting methods — top-down and bottom-
up. The top-down methods leverage statistics of
bulding stocks such as building physical
characteristics, system types, and occupant behaviors
to infer the combined demand profile (Talebi,
Haghighat, and Mirzaei 2017). The bottom-up
appraches simulate the end-use demands of each each
building and aggregate them to the district level
(Willmann et al. 2020). The physics-based approach
yield more accurate demand load profiles and allow
comprehensive simulations of the DES (Schweiger et
al. 2018). However, this approach is hardly scalable
because it’s challenging to accurately model each
building’s cooling, heating, and fuel demand at the
district level.

Although there are some computational methods and tools

developed to model DES performance (Schweiger et al.

2018; Schiefelbein et al. 2014; Riederer et al. 2015), there

are still gaps in terms of detailed end-use demand

prediction and usability. The present study introduces a

new DES feature in CityBES (Hong et al. 2018) for

modelling and simulating typical DES. CityBES is a free-
to-use web-based application that provides modelling and
analytical capabilities for buildings at district- and city-
level.  CityBES runs physics-based whole-building

energy simulation using EnergyPlus (Crawley et al. 2001)

for each building. A DES feature is recently added to

CityBES which aims to provide users simple yet

informative preliminary evaluations of DES at the early

conceptual phase. It is innovative as (1) it leverages
demand load profiles from physics-based simulation of
each individual building; (2) it provides quick analyses of
the load profiles, and compares common DES options in

terms of their energy, peak demand, and simple economic
factors.

In the rest of the paper, we first introduce the method to
simulate DES with physics-based models, then we
explain the implementations of the DES simulation
feature in CityBES. A case study comparing four DES
options for three cities in the United States will be
presented. Finally, we discuss the implications,
limitations, and future work.

Method

As mentioned in the introduction, cooling and heating
demand with high temporal resolution at various district
scales are usually hard-to-obtain but very important for
DES simulations. Meanwhile, most existing DES
modelling methods and tools are for DES design and
operations, which require detailed information and user
expertise. To date, there is still a gap in early-stage DES
evaluation tools that enable quick comparisons among
DES options at different district scales. Therefore,
CityBES’s new DES feature aims to leverage the
platform’s building-by-building simulation capability and
provides high-level simulations for common DES types.

Figure 1 shows the overall DES simulation workflow. The
simulation starts from collecting district cooling, heating,
and energy demand profiles, which could either come
from CityBES district buildings simulations or from user
upload if the user already has demand profiles from a
district. Meanwhile, the user specifies the DES types and
corresponding high-level system characteristics. Then the
demand profiles and the DES settings will be used to
customize EnergyPlus DES models using model
templates. Next, the user can run the DES annual
simulations with self-uploaded weather file. Finally, after
the simulations are done, results will be processed and
analytics including energy consumption, operational
utility costs, peak demands, GHG emissions, and simple
payback periods will be presented.

From From custom
CityBES | user upload |
simulations L 3

DES Settings 1. Heating demand profile
(system configurations, 2. Cooling demand profile

parameters) 3. Energy demand profile

| J

r——
| User uploaded | EnergyPlus
weather file DES Model

_T__I
Y

EnergyPlus Annual
Simulation

Y

Post-processing & Analytics

1. Energy consumption & utility cost savings
2. Peak-demand reductions

3. Greenhouse gas emission reductions

4. Simple payback period calculations

Figure 1. Simulation workflow of the DES feature
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Implementation in CityBES

In this section, we introduce the implementation of the
DES feature in CityBES, following the workflow
described in the methodology section.

Demand Profiles

Demand profiles include time-series district cooling,
heating and energy demands. CityBES’s district building
simulations feature can aggregate the building-level
annual simulated demand profiles to district levels.
Alternatively, users can use their own district demand
profiles if they already exist. Demand profiles can be
uploaded to the DES feature of CityBES as a comma-
separated values (CSV) file. Once the time-series demand
profiles are uploaded, an initial visualization of the data
will be presented to allow users understand the district
demands. The visualizations include time-series plots of
the cooling, heating, and simultaneous demands,
electricity and fossil fuel consumptions, and some high-
level statistics. Figure 2 shows visualizations of example
district demand profiles. Table 1 shows the key statistics
of the example district demand profiles.

MW

MWh

Datetime

Figure 2. Visualizations of district demands
Table 1. Key statistics of the district demands

Table 2. Input fields for water-cooled chiller with ice-

storage tank + boiler system

' Compressor Type Nominal Num_ber of
Chillers COP Chillers
Centrifugal 6.5 1
Fuel Type B_oi_ler Num_ber of
Boilers _ Efficiency Boilers
Electricity 0.9 0
Natural Gas 0.8 3
e C?f;f_'ty Tank Loss | Availability | Availability
Coefficient Start End
Tank hour)
500000 0.0003 15-May 30-Sep
Energy loss in the distribution network (%) 10

Simpson's

Key Statistics of the Load Profile Peak N N
Diversity

Peak Timestamp Intensity

Heating Demand|  145.5 MW 2019-2-3T06:00 | 1.45kW/sqm 75.8%

Cooling Demand| -290.7 MW 2019-9-6T15:00 | -2.90 kW/sqm 47.2%
Simultaneous Demand 2.6 MW 2019-3-12T712:00 | 0.003 kW/sqm 46.3%
Annual Electricity Consumption| 649.6 MWh | 2019-9-6T15:00 |914.5 kWh/sqm 49.0%

Annual Natural Gas Consumption| 211.0 MWh 2019-2-3T06:00 | 967.1 kWh/sqm 15.0%

Annual Heat Recovery Potential 2.42 GWh

DES Simulation

The next step is to prepare DES EnergyPlus models and
run simulations. The CityBES DES feature currently
allow simulation of four DES types — (1) water-cooled
chillers + boilers, (2) water-cooled chillers with ice-
storage tanks + boilers, (3) heat-recovery chillers +
boilers, and (4) geothermal heat pumps. Users can choose
which system(s) to simulate by selecting the checkbox.
For each system type, users can input some high-level
system settings, such as the incremental cost of the
system, types and numbers of chillers and boilers,
nominal chiller COP and boiler efficiencies, estimated
energy loss due in the distribution network. For instance,
Table 2 shows the input fields of the water-cooled chiller
with ice-storage tank + boiler system.

Other inputs needed to run DES simulations are the
weather file and the utility rates. Users need to upload an
EPW file which will be used as weather file in later
EnergyPlus simulations. For utility price, users need to
provide the unit price for electricity and natural gas.

Once all the inputs are ready, CityBES will create an
EnergyPlus model for each DES type selected. The model
will be customized to match user entered system settings
(e.g., type, number, and efficiency of central plant
equipment), and use the uploaded district demand profiles
as the heating and cooling load on the system. The central
plant equipment will be automatically sized based on the
peak heating and cooling demands. Then, annual DES
simulations will be performed on the CityBES server. The
simulations usually finish in less than two minutes. It
should be noted that the DES feature is modular, meaning
more DES types could be added to CityBES once
blueprint models are created.

Results and Analytics

After the simulations are finished, CityBES will
automatically post-process the outputs and perform
savings (energy, demand, and GHG emission)
calculations. The uploaded energy demand profiles will
be used as the baseline scenario, whereas the simulated
DES energy demand profiles will be used as the
alternative scenario(s). User entered utility price and
incremental cost will be used to calculate the operation
cost and simple payback periods. The analytical results
will be visualized as a key statistics table and plots. Table
3 and Figure 3 shows example results from simulations of
the four DES types. In the meantime, the source files of
the DES models (i.e., weather file, demand profiles,
EnergyPlus models) are available for download if users
want to modify the model parameters and run simulations
on their local environment.

Table 3. Example simulation results summary
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Peak " " )
Electricity | Natual Gas | Electricity |Natual Gas| Hourly U;:;v Uct::’ Incremental Psa'";:':k
System Type Usage Usage Savings | Savings | Electricity (Millon| Savings Cost P:riud
(GWh) | (GWh) | (GWh) | (GWh) | Reduction Vi8S | (Million $)
$)  |(Mmillion $) (year)
(Mwh)
Baseline
heating and
(heating an 91 97 0 0 0 40 | 00 0 0
coolingin
individual
Water-cooled
atercoo® 60 81 31 16 37 360 | 80 30 38
chillers + Boilers
Water-cooled
Chillers with Ice-| 87 81 5 16 37 371 | 68 60 8.8
storage + Boilers
Heat-recovery
Chillers + Heat | 590 0 -498 97 37 248 | 192 50 26
Pumps
Geothermal | ¢ 0 -a45 97 37 25 | 215 80 37
Heat Pumps
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Annual Energy Consumption and Utility Cost
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individual storage + Boilers Pumps
buildings)

= Electricity Usage (GWh)  msss Natual Gas Usage (GWh)  —e—Utility Cost (Million $)

Figure 3. Example annual energy consumption and
utility cost

Case Study

In this section, we demonstrate the CityBES DES feature
with a case study of two city districts.

Districts Description

The first district is in downtown San Francisco, with 74
buildings and a total floor area of 3,075,387 m2 The
second district is in the Chicago loop area, with 304
buildings and a total floor area of 14,686,575 m?. Figure
4 shows the 3D geometry of the buildings in the two
districts.

CityBES

=4 > U BN

Figure 4. 3D building geometry of two districts (up: San

Francisco downtown, down: Chicago Loop)
We used the aggregated building-by-building heating,
cooling, and energy demand profiles as the baseline
inputs. Figure 5 shows the comparison of the demand
profiles. The San Francisco district has large cooling
demands (peak value of 200.0 MW) and small heating
demands (peak value of around 7.4 MW). While the
Chicago Loop district has more balanced heating and
cooling demands, with peak heating demand of 449.5
MW and peak cooling demand of 876.9 MW. The main
reason behind the distinct demands in those two districts
is their different climates. For large commercial buildings,
interior zones have higher internal heat gains than heat

loss, which lead to year-round cooling needs. San
Francisco has a mild winter, therefore in most time
buildings are in cooling mode. In contrary, Chicago has
cold winters, which cause higher heating demands.

MW

Demand

—— Heating (MW)

—— Coaling (MW)
Simultaneous (MW)

T T T
2019-01 2019-03 2019-05 2019-07 2019-09 2019-11

MW

Demand
— Heating (MW)
—— Cooling (MW)
+++ Simultaneous (MW)

T T T T
2019-01 2019-03 2019-05 2019-07 2019-09 2018-11

Datetime

Figure 5. Heating and cooling demand profiles of two
districts (up: San Francisco downtown, down: Chicago
Loop)

DES Simulation Results

For the DES simulation, we compared all four types of
systems. We assumed the incremental cost and unit utility
price to be shown in Table 4 below. Note that the
incremental costs are for the DES feature demonstration
and are estimated by the size of the districts. The unit price
of the electricity and natural gas are obtained from
publicly available sources (“Electricity Rates and Usage”
2021; “Natural Gas Rates and Usage” 2021).

Table 4. Incremental cost and utility price assumptions

San Chicago

District Francisco g

Loop

downtown
System incremental costs (3$)
water-cooled chillers + boilers | 20,000,000 80,000,000
water-cooled chlllt_ers with ice- 24,000,000 96,000,000
storage tanks + boilers
hez_it-recovery chillers + 30,000,000 | 120,000,000
boilers
geothermal heat pumps 60,000,000 240,000,000
Utility Price

Electricity price ($/kwh) 0.0898 0.0405
Natural gas price ($/kWh) 0.023 0.017

Figure 6 shows the annual energy consumptions and
utility cost comparison among four DES types for the San
Francisco downtown district. The annual heating and
cooling energy consumption of the baseline scenario is
183.3 GWh, and the peak electric demand is 48.1 MW.
The annual heating and cooling energy consumption of
the water-cooled chiller + boiler system without and with
ice-storage tanks are 155.6 GWh (13.3% less than the
baseline) and 165.2 GWh (8.3% less than the baseline),
respectively. But the peak electric demand for those two

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

1080
https://doi.org/10.26868/25222708.2021.30155




INTERNATIONAL
BUILDING

| PERFORMANCE

| SIMULATION
ASSOCIATION

system types are 47.4 MW (1.4% less than the baseline),
and 34.1 MW (29% less than the baseline). It means
although there is lower energy savings potential (due to
energy loss) when ice-storage tanks are applied, the power
demand reduction could be significant when the cooling
electric load is shifted by using energy storage
technologies. There is no simulation result for the heat-
recovery chillers + heat pump system, which is because
the system is unable to operate without supplementary
heating and cooling source due to the huge imbalance
between the heating and cooling demand in San Francisco
district. There is no natural gas consumption for the
geothermal heat pump system because the system is all
electric. However, the annual energy consumption is
about 373.5 GWh, which is 107.2% higher than the
baseline scenario. This is also because of the poor
performance of the geothermal heat pump systems under
the imbalanced annual heating and cooling demand
conditions in the San Francisco district.

DES Simulation Results - San Francisco Downtown

400 40

350 35
300 30,
= 250 5 @
% 200 20 6
150 15 E
=

100 10
50 5
0 0
Baseline water-cooled  watercooled  Heat-recovery geothermal heat
chillers + boilers chillers withice- Chillers + Heat pumps
storage tanks + Pumps

boilers

® Annual Electricity Usage (GWh) m Annual Natural Gas Usage (GWh) ® Annual Utility Cost (S)

Figure 6. Annual energy consumption and utility cost
comparison - San Francisco downtown

Figure 7 shows the annual energy consumptions and
utility cost comparison among four DES types for the
Chicago Loop district. The baseline annual heating and
cooling energy consumption is 1,048.7 GWh, and the
peak electric demand is 225.9 MW. The annual heating
and cooling consumption and the peak electric demand
for the water-cooled chillers + boilers system without ice-
storage system are 709 GWh (32% less than the baseline)
and 198.4 MW (12% less than the baseline), respectively.
In comparison, the annual heating and cooling
consumption and the peak electric demand for the water-
cooled chillers + boilers system with ice-storage system
are 718.7 GWh (31% less than the baseline) and 148.5
MW (34% less than the baseline), respectively. The
results are similar with the San Francisco downtown
district — water-cooled chiller with ice-storage tank has
lower energy savings but higher peak electric demand
savings potential. For the heat-recovery chillers + heat
pump system, the annual consumption is about 1,916
GWh, which is 82.5% more than the baseline. The reason
behind the high consumption is that the heat-recovery
chiller and heat pumps system cannot take advantage of
very small simultaneous heating and cooling demands in
the Chicago Loop district. For the geothermal heat pump
system, the annual consumption is about 1,076 GWh,
which is about 2.6% more than the baseline scenario.
Comparing to the baseline scenario, the geothermal heat
pump system performs better in the San Francisco district
than in Chicago district. The reason is that Chicago has

more balanced annual heating and cooling demands,
which is critical to the geothermal heat pump systems.

DES Simulation Results - Chicago Loop
2500 90
2000

< 1500

L]
L
© 1000
. 30
500 - . 20
- . = T
0 0

Baseline ‘Water-cooled Water-cooled Heat-recovery  Geothermal
Chillers + Boilers Chillers with Ice- Chillers + Heat ~ Heat Pumps
Storage +Boilers  Pumps

Millions $

W Annual Electricity Usage (GWh) Annual Natural Gas Usage (GWh) @ Annual Utility Cost ($)

Figure 7. Annual energy consumption and utility cost
comparison - Chicago Loop

The DES simulations with the above two districts
demonstrated CityBES’s capability of high-level, quick
comparisons of typical DES. In the case study, we used
the default building set to generate the district-level
heating, cooling, and energy demand profiles. In practice,
the simulations will vary depending on the district
location and size, system efficiency settings, incremental
costs, and utility prices. For example, users can apply
filtering criteria (e.g., building type, floor area, year built,
site energy use intensity, peak electric load intensity) to
select subset of buildings for the DES analysis.

Conclusion

This paper introduces the new DES feature of CityBES.
The key advantage of this feature is it allows users to use
district heating, cooling, and energy demand profiles from
the bottom-up simulations in CityBES and provide
quickly energy consumption and simple economic
analysis of typical DES types. While, it does not consider
detailed design and modelling of the distribution network.
The feature provides modular DES templates that allows
users to modify high-level system characteristics. The
EnergyPlus models of the DES can be downloaded if
users want to modify or fine-tune the systems parameters
in detail. A case study of two districts in San Francisco
downtown and Chicago Loop area are conducted to
demonstrate the new feature. The simulations show that
DES performance is influenced by the district location,
heating and cooling demand, and system types.

The CityBES DES feature can be used for feasibility
study of DES and preliminary study of DES designs. It
does not perform two-way coupled simulation between
individual buildings and the DES, i.e., the DES is
assumed to always provide required cooling and/or
heating for the buildings; DES may not meet the cooling
or heating loads of all buildings and their indoor air
temperatures may be affected due to unmet loads.

The new DES feature provides a platform whose
functionality could be extended in the future. Future work
includes adding more DES types to the platform, refine
the distribution network simulation (currently the
distribution loss is simplified, and energy intensity is not
considered), allowing mix-use of different types of DES,
adding DES optimization capabilities, and verification of
the simulation results with other tools or measurements
from real DES projects.
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