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ABSTRACT

District energy systems that provide building heating and cooling are a promising option to provide
low-cost, energy efficient heating and cooling solutions for communities. As some buildings move
to electrified heating designs, there may be significant increases in electric grid demand,
particularly in the winter. District energy systems may be able to help reduce these high electrical
demands on the electric grid, while also providing decreased energy consumption and increased
flexibility.

To evaluate and compare system options for district-based heating and cooling, an existing
neighborhood of Washington, DC consisting of 35 buildings was selected as a case study. This
study models and compares a fourth generation (4G) district heating and cooling system that
provides hot and chilled water from a central plant directly to each prosumer and a fifth generation
(5G) district heating and cooling system that provides near-ambient water via geothermal
boreholes to interface with an energy transfer station with a heat pump at each prosumer. These
district systems are compared against a baseline of the non-connected buildings with their self-
contained and current HVAC systems. The URBANopt District Energy Systems (DES) model was
used to simulate the buildings and create initial Modelica models for the district systems. Finally,
the DES models were tuned and simulated in Dymola. The building and district model outputs
were post-processed for verification and to calculate the electrical and thermal grid impact metrics.
This is the first documentation of this workflow and its complete analysis.

The three designed systems were compared via their grid metrics including: total energy
consumption, electrical demand peak loads, and system ramping. Compared to the non-connected
buildings, the 4G and 5G DES saw a 15% and 20% reduction in total site annual electricity usage,
respectively. The range and median electricity usage by the district systems in the summertime are
much lower than the non-connected buildings; however, the DES saw similar or higher electricity
usage in the winter compared to the non-connected buildings. A detailed discussion is provided
about how each system impacts and interacts with the electric grid.
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1. Introduction

District energy systems (DES) are a promising option to provide low-cost, energy-efficient heating
and cooling solutions for communities. Heating and cooling accounts for more than half of
commercial and residential building energy usage in the United States (EIA 2020; 2018). Energy
insecure households pay more for energy per square foot than the national average (EIA 2020;
2023). Natural gas is the most common space heating energy source (EIA 2020; 2018) but that
varies by region with many having electricity-based heating (or reheat).

Many buildings are now given a choice of electricity as a cost-effective and reliable heating
solution, but widespread electrification of heating loads may greatly increase electric demand on
the grid, particularly in winter. Electrified heating may result in winter electrical peak loads that
exceed summer peaks, creating an outcome known as the “falcon curve” (Buonocore et al. 2022).
These higher electrical loads may also require upgrades and build out of the electric distribution
system to meet local electric peak loads within communities. DES may be able to help reduce these
high electrical demands on the electric grid, while also electrifying heating and cooling and
reducing consumer costs by decreasing energy consumption. Flexibility on the demand side using
district heating may reduce residual demand and increase the integration of renewable energy on
the electric grid (Goke et al. 2023). Additionally, in a case study Zwickl-Bernhard et al. (2025)
showed that with an optimized district system, all connected buildings saw reduced levelized cost
of heating—up to a 69% reduction—compared to using HVAC systems at the building level.

As heating and cooling loads are such a large portion of building energy usage, having flexibility
in that energy usage can have a significant impact on the electric grid. Energy flexibility allows
for power flows to be adjusted based on energy prices, transmission and distribution constraints,
or demand limits. A flexible DES can utilize the existing grid to the greatest extent possible to
defer investment in additional grid build out. Adding thermal storage to a district system can
increase this flexibility potential and improve the reliability of both the thermal system and the
connected electric grid. Chalendar et al. (2019) showed that thermal storage can reduce both
demand and operational cost of a district system.

1.1 District Systems

DES are connected systems that provide heating and/or cooling to buildings in a community.
Original district heating systems produced steam in a central plant and piped it to nearby buildings
to provide heating. New DES use lower temperature energy flows to provide high-efficiency
heating and cooling to buildings within the thermal energy network.

Fourth generation (4G) district heating and cooling systems use hot water (~50-60°C) and chilled
water (~5-10°C) as close to the required end-use temperature as possible distributed via pipes from
a centralized plant (Lund et al. 2014; Ostergaard et al. 2022). A standard system would be a 4-pipe
distribution network where the heating and cooling systems each have a supply and return pipe.
There are multiple possible thermal sources to provide the hot water and chilled water required
including boilers (natural gas, coal, or electric), geothermal heat pumps, heat recovery chillers,
and solar thermal.

Fifth generation (5G) district heating and cooling systems provide near-ambient temperature water
(~10-25°C) distributed to all connected buildings via a thermal loop, often with a decentralized
structure. 5G systems are also often called thermal energy networks (TENs). Each building (or
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prosumer, since they are able to give or take heat from the network) is connected to the network
through an energy transfer station (ETS). The ETS often has a heat exchanger and one or more
heat pumps that interface with the network to provide heating and cooling to the building. The
ETS can also either take heat from the network or provide heat to the network. Multiple distributed
thermal sources may be connected to the network including geothermal boreholes and/or waste
heat to maintain the temperature within operating bounds.

Details on 5G systems can be found in (Buffa et al. 2019; Sommer et al. 2020) while details on 4G
systems can be found in (Lund et al. 2014). A further comparison of system types and thermal
sources can be found in (Simpson et al. 2024). Figure 1 shows example illustrations of how 4G
and 5G systems can provide heating and cooling to a set of buildings.
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Figure 1: Example diagrams of 4G (top) and 5G (bottom) district energy systems providing heating and cooling
to a set of commercial buildings, where the 4G system provides hot water and chilled water from a central
plant while the 5G system provide ambient water to distributed heat pumps. Figures by Marjorie Schott,
NREL.

DES have potential to reduce overall energy usage as well as reduce peak energy demands,
compared to individual systems. Luc et al. (2020) showed that load shifting of a small district
heating system could result in 40%-50% change in load during peak periods, which may reduce
grid stress. Additionally, district systems can help to efficiently meet an increasing need for
building cooling. DES also provide opportunities for load cancelling and load shifting by making
use of the thermal inertia in the loops and diverse loads connected to it. 5G systems can efficiently
shift heat from one building to another when there is a mix of prosumers that need heating and
cooling simultaneously on the same DES, reducing the energy required to meet those thermal loads
(Allen et al. 2021).
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1.2 Modeling

To simulate a DES, the building loads for each building must be modeled along with any shared
infrastructure in a DES. A range of solutions exist for meeting this need, from spreadsheet models
to whole building energy models and from bottom-up physics-based models to top-down load-
based calculations. The commercial software TRNSYS is an industry standard tool in North
America, being used for the final design of many installations including the Eversource pilot in
Framingham, Massachusetts; Berczy Glen in Ontario; and Drake Landing in Alberta. Many other
modeling options exist including EnergyPlus (Crawley et al. 2001), NetSim, nPro, and energyPRO
(EMD International A/S 2024). Additionally, some modelers build up district systems using
components in the Modelica Buildings Library (Lawrence Berkeley National Laboratory 2025;
Wetter et al. 2014). A comprehensive review of district modeling tools can be found in Allegrini
et al. (2015), with more recent reviews in Sola et al. (2020).

URBANopt is a more recent software platform designed to analyze collocated buildings and
building-related infrastructure (Kontar et al. 2020). URBANopt contains multiple modules to
evaluate building systems, grid systems, and district energy systems and leverages multiple
underlying modeling engines including OpenStudio (Guglielmetti et al. 2011), EnergyPlus,
Modelica Buildings Library, OpenDSS, REopt, and others. URBANopt DES provides a workflow
for quickly building out DES models for a given set of buildings and is continuing to be improved
over time. The project is open-source and was recently connected with DESPO, a stochastic energy
optimizing code, via a soft-coupling to analyze optimal technology dispatches of a 4GDHC
Zwickl-Bernhard et al. (2025).

1.3 Novelty

The workflow described in the methodology below starts from identifying an existing section of a
city to consider for a DES and then flows all the way through building energy and DES modeling.
URBANOopt has been used in many building-related evaluations including Houssainy, et al.(2020),
to model a community in San Luis Obispo County, CA, USA to evaluate building upgrades and
distributed energy resources, and Doubleday, et al. (2020), to create an energy master plan near
Pena Station in Denver, Colorado, USA. Most recently, Allen et al. (2025) used URBANopt to
look at DES for U.S. Department of Defense installations. Many of the use cases for URBANopt
did not evaluate high fidelity DES coupling and recent URBANopt DES efforts have not been
documented before or used for a completed analysis.

The workflow described herein for designing, simulating, and analyzing DES positions us to
answer important questions for the future of DES such as:

e How does total energy consumption change across the three HVAC/DES designs (non-
connected buildings, 4G and 5G district designs)?

e What other thermal and electric grid metrics are important when comparing HVAC/DES
designs?

e  Which HVAC/DES design can produce the most benefit to the electric grid?

¢ How can building deep energy retrofits reduce and shift thermal and electric demand?
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This study utilizes the URBANopt DES software to begin addressing how district energy systems
compare to standalone buildings heating and cooling systems. By combining detailed building
energy models and dynamic DES models, this hybrid approach provides a comprehensive view of
energy use across interconnected systems.

2. Methodology
2.1 Software Process

To estimate heating and cooling demand across urban districts, this study utilizes URBANopt—a
simulation framework built upon OpenStudio and EnergyPlus—that enables quasi-dynamic co-
simulation for neighborhood-scale energy analysis. URBANopt (and its dependencies) is used to
generate detailed building energy models, evaluate building energy conservation packages, and
run subsequent analysis based on simulation results.

Although tightly coupled co-simulation is ideal for multi-building planning, EnergyPlus’ flow-
driven physics-based modeling presents difficulties when simulating interdependent buildings
connected via centralized thermal systems. Tools such as OpenStudio and its inferencing package,
OpenStudio Standards Library (Lopez et al. 2016), have advanced automated model generation
using standardized templates. In URBANopt, OpenStudio Standards is essential for converting
high-level building characteristics into fully defined building energy models. For instance, it can
generate a model with hundreds of thousands of inputs from ten high level characteristics such
property type, gross floor area, locations, construction type, and a few others.

URBANopt model capabilities allowed us to draw actionable insights from publicly available
datasets, supporting the design and evaluation of sustainable energy strategies in urban settings. A
critical first step in district-level modeling is the creation of a covered buildings list (CBL)—a
catalog of buildings to be linked in the analysis, each described using key parameters (R. Mitchell
and Mathew 2022). For this analysis, the minimum required inputs include property type, total
gross floor area, number of stories, construction year, and climate zone. URBANopt performs
preliminary data validation and then applies methods within OpenStudio Standards to infer the full
set of model inputs. The analysis presented here is focused on evaluating potential impacts and
does not require calibrated models, though URBANopt supports calibration to observed data when
available.

For this analysis, we leveraged the Standard Energy Efficient Data (SEED) Platform to find a
location within Washington, DC, USA for the case study. SEED is a geospatial database
management tool that supports building portfolio analysis and data integrity checks (N. Long et
al. 2024). The case study location of interest would have a good combination of available data and
the potential for reductions in grid load, fuel use, and carbon emissions. Identifying an appropriate
urban district containing approximately 40 buildings was achieved in conjunction with the city’s
2023 Building Energy Performance dataset. The steps we used to assemble the final building list
are listed below and outlined in Figure 2:

e Ingest the Washington, DC Building Energy Performance Standards (BEPS) dataset into
SEED, yielding approximately 3,000 commercial and multifamily properties.

e Apply SEED’s built-in community screening to classify buildings accordingly.
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e Explore the spatial data within SEED to identify neighborhoods marked as opportunistic
for investments. One area was selected based on multiple criteria, including building
diversity (e.g., mix of multifamily and commercial), the presence of open land for potential
geothermal infrastructure, and ongoing redevelopment activity. The selected area will not
contain all of the buildings since the DC BEPS only includes larger buildings.

e Leverage the CBL Web Tool (Braun et al. 2025) to characterize the remaining buildings in
the selected area. The bounded area augments the SEED building data to generate the initial
CBL. However, the CBL still does not have sufficient building characteristics to run
URBANopt models since the physics-based models require more building level metadata
(e.g., gross floor area, building type). The subsequent steps flesh out the CBL and saves
the results in the form of a GeoJSON file.

e Supplement the GeoJSON data with Microsoft’s building footprint dataset (Microsoft
2024), which includes footprint geometry and building height derived from LiDAR data.

e Refine the spatial granularity using OpenStreetMap', which helps distinguish closely
spaced structures that may appear as a single footprint in other datasets.

e Assign building use types (e.g., office, residential) using OpenStreetMap classification
data.

e Compute building footprints from the polygon areas. The footprint areas are calculated
from the geospatial coordinates of the polygon vertices.

e Estimate gross floor area based on footprint, building height, and an assumed floor-to-floor
height of 3.2 meters. The number of floors was rounded down as many buildings have
higher first floor ceilings (e.g., lobbies).

e Perform quality checks by visually inspecting building placements on maps and correcting
data anomalies such as overlapping geometries or missing classifications.

e Simulate subhourly energy performance using URBANopt and OpenStudio/EnergyPlus,
which infers remaining inputs via internal routines informed by OpenStudio Standards,
reference guides, and heuristic logic. Manually check the building energy use intensities
by property type to ensure annual reasonableness.

e Extract heating and cooling loads at the HVAC system boundary using OpenStudio
measures and URBANopt’s post-processing modules.

! www.openstreetmap.org
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Figure 2: District system modeling workflow from SEED through to post-processing.

After the individual building models were complete and the building loads were exported, we
started the DES modeling. For this analysis, the buildings within the selected urban district were
aggregated into a single representative load profile (heating, cooling, and water heating). Modeling
the individual buildings on the DES network was not needed since the buildings do not change
during the simulations nor did we consider the locations (or order) of the buildings on the network.

URBANopt DES was leveraged for this analysis which includes the GeoJSON to Modelica
Translator (GMT) (N. Long et al. 2021) which generates a Modelica-compatible representation of
the DES from the resulting URBANopt/OpenStudio/EnergyPlus simulations. The GMT has
multiple templates of DES available and was used to generate both the 4G and 5G district energy
system model.

o 4G Model: includes a centralized plant with a set of boilers and electric chillers with
cooling towers. The GMT automatically connects the heating and chilled water to each
building’s ETS (containing a heat exchanger) and then connects the ETS to an idealized
building HVAC system to meet the building loads. By default, the piping is assumed to be
250 Pa/m pressure drop. The flow rate of the district loop was sized based on an assumed
delta temperature of 8°C for chilled water and 20°C for hot water.

o 5G Model: includes more components on the thermal energy network to maintain adequate
loop temperature and to leverage potential waste heat available near the urban district. This
specific 5G model includes a geothermal borehole field and wastewater waste heat capture.
The default model setting assumes the piping is 250 Pa/m pressure drop, and the
wastewater heat capture is a constant 17°C year-round. The district loop flow rate is sized
based on an assumed delta temperature of 5°C with an additional capacity multiplier of 1.3
(per ASHRAE Appendix G Performance Rating Method, (ASHRAE 2022)). Future work
will integrate the ThermalNetwork package (M. Mitchell et al. 2025) to automatically size
the geothermal borehole field. Further technical details regarding the borefield design
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approach can be found in (Wang et al. 2024) and further details on the 5G modeling and
workflow can be found in (N. L. Long 2024).

Each annual simulation was performed using a 5-minute timestep via the Dymola interface for
Modelica, enabling high-resolution dynamic analysis of system behavior under varying load
conditions. The models were simulated across all 8,760 hours of the year to provide the dataset
required for the desired annual metrics. Separate simulations were run for the 4G and 5G
configurations.

URBANopt’s DES post-processing scripts were used on the results from OpenStudio/EnergyPlus
and Modelica’s output, which consolidates and analyzes the Modelica output files alongside
associated building-level OpenStudio results. The post-processing steps include:

o Post-process URBANopt’s OpenStudio’s building level outputs. This includes aggregating
end uses across buildings (if more than one) and summing end uses into new variables
(e.g., storing non-HVAC loads). Also, the naming conventions of the variables were
aligned to aggregate variables with Modelica’s results.

o Post-process Modelica’s results for each DES model. This includes resampling the
Modelica results (since it is a variable time step solver) to the nearest 5-minutes. The
variables were aggregated, and the variable names were aligned with the OpenStudio
results.

o Combine the OpenStudio and Modelica results into a single data frame for each DES
model. This allows for a holistic view of the buildings internal loads (e.g., plug loads,
lighting, and domestic water heating demand) alongside the DES results in Modelica. Note
that the Modelica simulations used a summed load profile across all buildings, but each
buildings internal loads are still reported and valid.

o Resample data across each DES model and building loads for 5-minutes (upsample with
linear interpolation for building loads), 15-minutes, and hourly. For most cases 15-minute
resolution is used.

o Rollup results for daily, monthly, and annual for metrics reporting.

o Calculate building/DES summaries and grid-relevant metrics, including annual energy use,
peak electrical demand, ramp rates, and peak-to-valley ratios, as described in Section 2.2.

Together, the modeling workflow enables a comprehensive and granular assessment of how
buildings and different district energy system configurations interact with the electric and thermal
grid. Currently, only the first two steps (SEED and CBL) include empirical data for the buildings,
but a future goal is to be able to integrate more metered data from the buildings into the later
workflow as that data becomes available.

2.2 Evaluation Criteria

The following key electric grid, thermal grid, and building metrics were used as the evaluation
criteria to compare the non-connected system against the two district systems.
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Table 1: Key performance indicators (KPI) calculated and compared for the district systems (from (N. L. Long

2024))
KPI Description Focus Equation
Total Energy Total consumption of all buildings and Building Tenergy
Consumption DES heating, cooling, and pumping. ~ owner = Ejges hea
+ Edes,coo
+ Edes,pum
B
+ Etotal[b]
Daily  Peak-to- Ratio of the daily peak demand to the Electrical and Ppeak
Valley Ratio daily minimum demand, calculated at thermal grid Al Pyattey
15-minute demand values.
Daily Load The ratio of the average Electrical and IF = Etotar,2anr
Factor electrical/thermal daily demand to the thermal grid - Ppeak 2anr * 24
peak electrical/thermal daily demand.
District Peak Difference between the 15-min peak Electrical and  AP,.qk
Demand demand during each season (winter thermal grid = Ppeak,sm)(ts)
Reduction  (by peak, summer peak, swing peak) — Pyear pasetine (ts)
season)
District Peak Day and hour shift of the district's 15- Electrical and Atpeak
Demand Shift minute peak demand. thermal grid = tpeak,s(n)
- tpeak,baseline
System Ramping Total absolute daily change in the Electrical and 96
power demand (electrical or thermal) thermal grid SR = Z i=1|Pi+1
from one 15-minute interval to - P
another.
where:

B is the total number of buildings,

s(n) is the scenario, e.g., 5G controlled DES,

E is the total energy in kWh,

P is the peak power in kW.

2.3 Case Study

To demonstrate the workflow described above, we chose a case study for analysis in Washington,
DC. The location and buildings selected aligns with the case used in (Zwickl-Bernhard et al. 2025).
We chose a mixed-use area in Washington, DC with 35 buildings. The area includes a mix of
multi-family residential buildings, education buildings, restaurants, retail, etc., with details given
in Table 2. Currently the buildings in this area are not connected to a central DES and each have
their own HVAC systems.

10

This report is available at no cost from NREL at www.nrel.gov/publications.



This area was chosen for the case study because there are high energy prices and also high potential
for electric grid benefits due to shifting heating and cooling loads, as found in (Ho and Chen 2024).
Ho and Chen also considered areas that have potential to better utilize the current electric grid
infrastructure and defer additional build out. This area also has a mix of buildings with potentially
non-coincident heating and cooling loads which is beneficial for district systems using geothermal
boreholes. Additionally, this area is dense and thus will have lower costs for a distribution network,
while also having space for geothermal borehole fields underneath parking lots. Finally, the area
is undergoing rapid development with active demolition and rebuilding occurring over the last half
decade.

Using URBANopt, each building was modeled in EnergyPlus/OpenStudio with a local weather
TMY3 file. The resulting building heating and cooling loads, as well as all the electrical and natural
gas usage, were then aggregated together into one large conglomerate load for the DES modeling.
Thus, in the DES Modelica models, there is only one building with the required total heating and
cooling loads for each hour equaling the sum of all the individual buildings. While this allows for
centralized equipment to be sized appropriately to meet total load, it does lose some fidelity in the
distribution system related to the location of each building, the order of the buildings on the
network, and the time lag for heat to travel from one building to the next. The impact on the
accuracy of the results based on this assumption should be further studied. The district distribution
system models are greatly simplified from only having one building, significantly reducing
computational complexity.

For each DES design, URBANopt DES was used to automatically create a district model in
Modelica. The district systems provide heating and cooling to the buildings, but do not provide
service water heating (SWH) or domestic water heating (DHW). SWH and DHW are still provided
by the original source in each building, a mix of electrical and natural gas. Some adjustments were
made manually to the Modelica models such as adjusting distribution flow rates, distribution
pressure drop, and borehole field sizing. The models were then run in Dymola, simulating one year
of operation. The three cases modeled and analyzed are:

e Non-connected: base case of the current individual buildings with assumed starting HVAC
equipment serving the individual buildings.

e 4G: Basic 4G district system using URBANopt DES defaults with a simple boiler
providing heating hot water at 55°C for distribution and a chiller providing chilled water
at 5°C for distribution.

e 5G: Basic 5G district system using URBANopt DES defaults for a single pipe ambient-
temperature loop system with loop temperature maintained roughly between 7-21°C. The
thermal sources connected to the loop are a geothermal borehole field with 500 bores and
17°C constant waste heat stream.

Note that the 4G DES is assumed to use an electric boiler so that impacts on the electric grid can
be registered in this example case. A higher efficiency system such as a geothermal heat pump
should be investigated in the future to improve the performance of the 4G heating system.
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Figure 3: Proposed district with building colored by property type (red: service, green: food sales, blue:
apartments, yellow: food service, magenta: office, cyan: religious worship, purple: public assembly,
orange: retail, indigo: cinema, education: teal, dark green: k-12, olive: nonrefrigerated warehouse)

Table 2: Properties of the 35 buildings modeled in the district.

E;l ilding Property Type g:::s(ml;)l oor g:::s(ftf)loor lggi?llral Gas E)et:tlricity
(MWh) (MWh)

1 Service 108 1157 8.3 13.2

2 Food sales 11 120 12.4 10.4

3 Food sales 40 434 35.7 22.3

4 Apartments 8176 87972 1217.9 1580.9

5 Apartments 1360 14638 186.9 216.3

6 Apartments 4675 50301 439.2 1094.9

7 Food service 406 4364 338 206.6

8 Apartments 4434 47707 434.4 726.3

9 Service 544 5856 30.1 51.6

10 Office 1296 13944 29.8 115.5
12
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}3];1 ilding Property Type i::;s(ml;)l oor i::;s(ftf)loor 1]\;3:?111-31 Gas ;il‘j;):?tlricity
(MWh) (MWh)
3 &erlfﬁf;s 3574 38456 85.3 3233
12 Public assembly | 7018 75510 77 662.3
13 Retail 564 6067 21 79
14 Retail 3399 36577 63.3 484.4
15 Cinema 1959 21081 63.8 213.3
16 Apartments 6199 66706 558.6 810.9
17 Apartments 9495 102170 1299.4 1794.2
18 Apartments 1353 14555 191.5 212.8
19 Apartments 1397 15030 195.9 224.8
20 Apartments 15889 170966 2470 3018.3
21 Apartments 1621 17438 219.6 245.4
22 Apartments 1673 18006 221.5 245.9
23 Apartments 1623 17466 217.6 239
24 Apartments 1653 17790 222.1 249.2
25 Apartments 10825 116478 1780.6 2090.2
26 Education 4319 46472 93.6 673.5
27 Apartments 15276 164365 2316 2856.9
28 K-12 1126 12111 45.3 128.1
29 K-12 3063 32963 79.7 366.7
30 Apartments 1563 16818 211.1 237.1
31 Apartments 1657 17829 222.7 247
32 K-12 985 10598 34.9 105.2
33 Nonrefrigerated | ¢, 24556 0 81
warehouse
34 Food service 496 5338 407.8 2473
35 Nonrefrigerated | ) 15595 0 52
warehouse
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3.0 Results & Discussion

The results of the building simulations in OpenStudio/EnergyPlus, along with the district
simulations in Modelica, are provided in this section. All results are aggregated to the whole
district, rather than focusing on individual buildings, but include building loads (lighting, plug
loads) and the district systems’ energy consumption.

3.1 Building Loads

The aggregate building loads are given in Table 3. The cooling loads are greater than the heating
loads, as expected given that the buildings are large and many of them are commercial. The loads
are on the same order of magnitude for both heating and cooling, which may be beneficial for
systems using geothermal boreholes as there will be less risk of ground temperature drift.

Table 3: Aggregate building load data for the district
Metric Value Unit

Peak cooling demand 4.13 MW

Peak heating demand 2.78 MW

Annual cooling load 8,016 MWh

Annual heating load 2,013 MWh

The district’s timeseries heating and cooling demands are plotted in Figure 4 over a year. Even in
the winter (November-March), there are still cooling loads required by the commercial buildings.
The simultaneous use of heating and cooling loads can increase the efficiency of 5G systems.
These timeseries loads from the EnergyPlus simulations were then used as inputs for the DES
Modelica models.
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Figure 4: Aggregate building heating and cooling thermal demand over time

3.2 Annual Aggregate Comparison

The annual aggregate energy consumption for each case is compared in Figure 5. The total energy
consumption includes all the electricity and natural gas used by the buildings over a year of
simulation. Lighting and plug loads (a catch-all of loads not captured elsewhere, including
cooking) are a large portion of building energy loads and are kept constant across all cases.
Building energy efficiency measures could be used to reduce those loads. Building water systems
are also kept constant across all cases as the district system were not used to meet water heating
needs.

Building heating and cooling are large sources of energy usage in the non-connected case,
accounting for more than half of the energy usage in Figure 5. However, heating and cooling uses
much less energy in the 4G and 5G designs. For the 4G system, district heating and district cooling
each use energy, along with a small amount of energy needed to pump the required heating and
cooling streams to each end user. For the 5G system, the “ETS Heat Pump” provides both heating
and cooling. The sewer pump, geothermal borehole field heat exchange (GHX) pump, and
distribution pump each require energy, but it is minimal.
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Figure S: Total site annual energy use (electrical and natural gas) for all buildings in district combined for
three cases, meeting all building loads including heating and cooling. The 4G and 5G designs reduce total
site energy usage by 23% and 30%, respectively, compared to the non-connected case.

The annual aggregate results for the three cases are then compared with major electric grid metrics
in Table 4. The 4G DES system results in a 15% reduction in electricity usage compared to the
non-connected case, while the 5G DES results in a 20% reduction. Note that this drop is even more
stark when considering that the non-connected system uses natural gas to provide some building
heating, which is not considered in the electricity reduction. Electrifying the heating loads in the
4G and 5G DES still resulted in an overall decrease in electric energy consumption. In addition to
the reduction in electrical load, the natural gas load is also reduced by 34%. The remaining natural
gas is used by the 4G and 5G DES for SWH, cooking, and other internal processes.

Table 4: Grid metrics comparison for meeting building heating and cooling loads with non-connected, 4G, or

5G systems.
Metric Units Non- 4G 5G
Connected
Electricity Consumption MWh/year 19,926 17,031 15,980
Electricity Peak Demand | MW (15-min |4 o) 471 3.60
peak)
Electricity - Peak ~ Demand Date Jun. 14 Jan. 18 Jan. 18
Date
Natural Gas Consumption MWh/year 13,831 9,087 9,087
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. . Non-

Metric Units Connected 4G 5G

Peak-to-valley Ratio (Max) | Ratio 3.85 3.68 3.08

Peak-to-valley Ratio (Min) Ratio 1.67 2.01 2.00

Peak-to-valley Ratio (Mean) | Ratio 2.52 2.76 2.66

Load Factor (Max) Ratio 0.81 0.74 0.72

Load Factor (Min) Ratio 0.59 0.51 0.60

Load Factor (Mean) Ratio 0.67 0.63 0.65
. MW (15-min

System Ramping (Max) interval)/day 7.20 10.26 8.75
. MW (15-min

System Ramping (Sum) interval)/day 1,988 2,285 1,972

The 4G system has the highest electrical peak demand and system ramping, which could increase
stress on the electric grid. However, the 5G system is both more energy efficient overall than the
non-connected system and has a reduced peak electrical load (despite electrifying heating loads)
which could help with electric grid reliability. By electrifying the heating in the 4G and 5G
systems, the time of the electrical peak load moves from the summer (for cooling) to the winter
(for heating). This move is from a combination of air conditioning loads being met more efficiently
in the summer with the geothermal heat pumps and heating loads requiring electricity instead of
natural gas in the winter.

Some of the mixed results for these grid metrics may indicate more variability in heating and
cooling loads or may indicate that the non-connected buildings must run their heating and cooling
systems more continuously than the DES and thus use more energy overall. The DES show
improved electric grid metrics in some areas and worse in others compared to the original non-
connected buildings. Future work in this area could include designing the DES to improve these
grid metrics and investigating the impact of energy storage. In the next section, we will take a
closer look at the monthly energy usage patterns for these three building-connected scenarios.

3.3 Detailed Results

Total electrical loads

The hourly total electricity used by each design (including all the buildings and any district-level
equipment) is plotted by month in Figure 6. The non-connected design shows an electrical load
peak in the summertime (to meet building cooling loads), while the DES designs use more
electricity in the winter (to meet building heating loads), following the “falcon curve”. The winter
heating load in the non-connected buildings is met with natural gas, not reflected in this plot. The
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range of electricity demand is much larger for the non-connected design than the DES designs in
the summer, while the range is larger for the 4G design in the winter than the other two designs.
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Figure 6: Monthly distributions of total hourly electric load for all buildings in the district, including heating
and cooling loads as well as other building loads (plug loads, lighting, etc).

FElectric grid metrics

The annual electric grid metrics shown in Table 4 are now broken down into monthly distributions
for each system.

The maximum 15-minute electrical load for each day is plotted by month and by scenario in Figure
7. A lower maximum electricity is preferred for limiting the peak load the electrical distribution
grid needs to be able to supply. The 4G system uses the most electricity in the winter because it is
meeting heating loads with an electrical system (rather than natural gas like the non-connected
system) and it has a lower overall system efficiency compared to the 5G system (due to wastewater
heat capture). The cooling systems for the 4G and 5G designs are more efficient than the non-
connected design and the DES can smooth some of the peak loads. The peak electricity load in the
summer months for the non-connected system is much higher than either of the DES.
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Figure 7: Total system peak electrical load for buildings and district system components

Electrical system ramping is plotted in Figure 8. System ramping is defined as the daily sum of the
15-minute changes in electricity consumption, where a smaller value results in less stress on the
electric grid. Both DES options have very small ranges and lower ramping values in the summer
months. However, in the winter months, the median 5G system ramping rate is much lower than
the 4G system ramping rate.
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Figure 8: Daily sum of 15-minute electrical system demand ramping grouped by month

4.0 Conclusions

In this study, a workflow was demonstrated for modeling the current non-connected buildings in
each community and comparing against potential district systems. A case study in Washington,
DC was used as an example, identifying a set of 35 existing buildings that would be a good
candidate for a district energy system. The existing buildings were modeled, using data from
publicly available sources, with their current HVAC systems. District energy systems were then
designed and simulated as comparative options for meeting the building heating and cooling loads.
A 4G design was proposed that used a centralized heating and cooling plant to distribute hot and
cold water directly to each building. A 5G design was also proposed that used a near-ambient
thermal loop to exchange heat between a waste heat source and a geothermal borehole field and
individual building heat pumps.

Comparing these three heating and cooling system designs for the set of buildings in the case study,
the district systems showed substantial energy savings compared to the business-as-usual non-
connected buildings which could result in more affordable space conditioning. The district systems
both used electrified heating and cooling designs and increased cooling system efficiency; thus,
the electricity peak demand shifted from summer to winter for the district systems compared to
the non-connected system. While the 4G system was able to reduce electricity consumption
overall, it did result in a slight increase in electricity peak demand. The 5G system decreased both
overall electricity consumption and electricity peak demand compared to the non-connected case.
The 5G system shows lower electric ramping rates and peak electric loads than the 4G system.
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The workflow developed herein allows a modeler to identify a district and create partially
automated Modelica models to represent a district model of the buildings in that area. This system
can now be applied more widely to future studies, along with the key performance metrics for
integrating with the electric grid identified herein.
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