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Advanced district thermal energy systems, also known as thermal microgrids, can meet the energy needs of urban districts in

a highly efficient way, but adoption of such systems, especially in the United States, has been slow. Thermal microgrids use a

network circulating water at near-ambient (60-80°F; 15-25°C) temperatures, and water-source heat pumps at connected

buildings are used to boost or lower the temperature for space conditioning and service hot water. Addressing challenges

related to retrofits of existing buildings for integration with such systems, as well as quantifying the benefits of different

configurations, will be key to accelerating their adoption. This paper aims to contribute to that by reporting preliminary results

from a feasibility study of a thermal microgrid at a U.S. Department of Defense installation and illustrating the process of
conceptual design to seek the best possible performance within the many constraints of existing buildings. The cluster of

buildings under consideration in this study has much in common with commercial buildings in the United States. The process

of and results from this feasibility study can inform assessment of the potential for thermal microgrids in other locations and

help unlock the benefits of such systems for resilience and energy savings.

INTRODUCTION

The U.S. Department of Defense (DoD), like other government institutions, as well as educational institutions and
nonprofits, faces challenges in maintaining its building stock with limited resources, and increasing threats from extreme
weather (Department of Defense, 2024). The DoD stands out from other institutions in the enormous scale of its footprint,
with a worldwide portfolio of more than 280,000 buildings on over 27 million acres (110,000 km?) (Department of Defense,
2017). Maintaining the performance of heating, ventilating, and air-conditioning (HVAC) systems that condition these
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buildings is a perpetual challenge, yet key to maintaining a healthful indoor environment as well as the integrity of the
buildings and their operations over the long term (Deputy Secretary of Defense, 2024). Thermal microgrids promote
resilience and improved HVAC system performance, as well as significantly reducing energy use. This study, part of a
project funded by the DoD’s Environmental Security Technology Certification Program (ESTCP), assesses the feasibility of
implementing a thermal microgrid at a U.S. DoD installation in Europe, and lays the groundwork for a future
implementation.

Thermal Microgrids

District thermal energy systems have evolved over time to provide cooling as well as heating, and to use water at
lower temperatures, instead of steam, as a working fluid (Lund, 2018). Emerging versions of these systems are known by a
variety of names, including “ambient loops,” “fifth generation district heating and cooling systems (SGDHC),” and “thermal
microgrids.” This paper will use the term “thermal microgrids” to refer to such systems. Thermal microgrids are a type of
advanced district thermal energy system that uses water loops at near-ambient temperature and distributed heat pumps to heat
and cool connected buildings. Thermal microgrids typically operate with loop temperatures in the range of 32—86°F (0-30°C)
(Buffa, Cozzini, D'Antoni, Baratieri, & Fedrizzi, 2019). Especially in the middle of this range (60—80°F or 15-25°C), the
moderate loop temperatures create conditions for very efficient operation of the water-source heat pumps used for
conditioning connected buildings. The loop temperatures also facilitate integration of near-ambient temperature heat sources
and sinks (such as ground-, surface water-, or groundwater heat exchangers), as well as waste heat sources at moderate
temperatures (including waste heat from refrigeration and data centers). The loop temperatures also facilitate the ability of
connected buildings to “offset” each other’s heating and cooling loads, when such loads are simultaneous on the network.
Connected buildings are configured with energy transfer stations (ETS), which include heat pump(s), as well as heat
exchangers and circulation pumps, if required (Buffa, Cozzini, D'Antoni, Baratieri, & Fedrizzi, 2019). A wide range of
different configurations of thermal microgrids exist, with one- or two-pipe loops, and series or parallel connections of
buildings to the loop.

In appropriate applications, thermal microgrids can fully electrify space conditioning and service hot water (SHW)
production with significant source energy savings, while controlling peak demand. Through a modeling analysis in 2022,
Allen et al. identified 21-25% reductions in source energy use intensity (EUI) for heating and cooling through a thermal
microgrid, relative to a baseline of ASHRAE 2019-compliant HVAC systems (Allen, Henze, Baker, Pavlak, & Murphy,
2022). Energy savings are expected to be even greater in older existing buildings. Gautier, Wetter, and Sulzer found through
a modeling analysis that operation of a water-side economizer for cooling, in conjunction with a thermal microgrid-style
district energy system, would allow for meeting 70% of the cooling load for an office building in Chicago, with a 60%
reduction in peak demand relative to a baseline scenario with compressor-based cooling (Gautier, Wetter, & Sulzer, 2022).
Energy savings and demand reduction from thermal microgrids are also borne out in real installations. A thermal microgrid-
style system serving part of the Colorado Mesa University campus has reduced electric demand by 13%, electricity
consumption by 10%, and natural gas consumption by 55% relative to a conventional HVAC system served by chillers and
boilers (Xcel Energy, 2022). The heat pumps coupled to this system operated with an average coefficient of performance
(COP) of 5.7 over a one-year period (Xcel Energy, 2022). Similarly, a geothermal district energy system with an ambient
loop component serving part of the campus of Montana State University contributed to a reduction of 25% in campus
building energy use intensity (US DOE, 2024).

Case Study

This study focuses on a U.S. DoD installation in Europe, which primarily encompasses housing for personnel and
support facilities, including a lodge, commissary, exchange (a big box-style retail store), and a medical and dental clinic.
Figure 1 shows a satellite image of the site from Google Maps, with the area of focus for the study enclosed in a blue square.
As shown in Figure 1, ample open area exists on the site, most of which is slated for future development. A thermal
microgrid-style system is of particular interest for this location, due to high prices and constrained supplies of natural gas in
Europe. Past case studies focused on thermal microgrids and similar district energy systems, such as that of Marques et al.
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(2021), have taken a top-down approach, focusing on the scale of hundreds of buildings or more (Marques, et al., 2021).
Other studies, such as that of Lammle et al. (2022), have focused on retrofits of building-level systems with heat pumps
(Lammle, et al., 2022). This case study is novel in that it takes a bottom-up approach, rooted in a specific U.S. DoD
installation in Europe, and addresses the site- and building-specific challenges and benefits to implementation of a thermal
microgrid. This study is oriented around the future phased implementation of a thermal microgrid, for purposes of
incremental opportunities for demonstration and further learning, as well as for alignment with DoD’s financing structures.

METHODS

In this study, a physics-based model of a thermal microgrid was developed in
Modelica leveraging NREL’s URBANopt™ platform to assess the energy performance of
such a system under several different potential configurations. URBANopt is an open-source
EnergyPlus®- and OpenStudio®-based simulation platform aimed at district-scale thermal
and electrical analysis. This feasibility study focuses on the existing commissary, clinic,
lodge, and exchange, as well as a planned building for community use. The analysis
workflow includes the following steps: First, developing an energy model for each of the
buildings to obtain the annual thermal load profiles for heating, cooling, and SHW. Second,
Figure 1. Satellite view of creating the thermal microgrid Modelica model using the URBANopt District Energy System

study location. (UO-DES) modules (NREL, 2024). Third, refining the Modelica model to include additional
components, such as integration of the waste heat recovery system.

Building Model

To obtain representative thermal load profiles for the buildings, we developed detailed energy models based on real-
world data (where available) for the existing buildings as well as design documents for the planned building. For the existing
buildings, models were developed based on as-built drawings, trend data from the building management system, site visits,
and information from the installation’s energy management staff. Existing building HVAC systems primarily consist of
hydronic heating and air-based cooling systems, with heating supply water temperatures in the range of 70 to 80°C (160 -
180°F). (The commissary’s space cooling is provided by direct expansion systems, which were excluded from this analysis,
due to the difficulty associated with retrofit of such systems to hydronic. The planned building is not slated to incorporate
space cooling.) Refrigeration represents a substantial load at the commissary, accounting for about 65% of annual electricity
use. The URBANopt™ platform was used to generate the energy models with further refinements implemented manually in
EnergyPlus. Energy models for the existing buildings were calibrated to monthly meter data, generally meeting the guidance
in ASHRAE Guideline 14, with coefficient of variation of root mean squared error (CV(RMSE)) of less than 15%, and net
mean bias error of less than 5%, with the exception of natural gas use at the commissary and post exchange, which had
slightly higher values of CV(RMSE) (ASHRAE, 2023). During calibration, parameters whose values were not well-
characterized by existing data were manually adjusted, within ranges deemed by engineering judgement to be reasonable.
Parameters whose values were adjusted for calibration include space temperature setpoints, HVAC system supply
temperature setpoints, and building schedules. For the planned building, modeled EUI satisfactorily represented the modeled
EUI value reported in the design documents and reported EUI values from similar buildings documented in the literature.

Thermal Microgrid Model

In this analysis, the thermal microgrid was modeled as a one-pipe ambient loop coupled to a vertical ground heat
exchanger (GHE). The GHE was configured as a branch loop off of the main district loop, with a dedicated circulation pump
(“borefield pump”). A separate circulation pump served the district loop. Each building was equipped with an ETS,
containing heat pumps coupled to the ambient loop on their source side. In each building’s ETS, dedicated heat pump
subsystems served heating hot water, chilled water, and SHW loads. The district loop pump was controlled to the loop
temperature range (46.4 - 64.4 °F, 8 - 18 °C). An additional control loop ensured that the borefield pump operated (that is, the
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district loop was pumped through the borefield) only when the borefield would be useful in meeting the district’s loads. This
primarily serves to prevent fluid from circulating through the borefield when it has already been heated to a higher
temperature by the waste heat source. In each of the three heat pump subsystems, the heat pump is controlled to maintain a
load side water supply temperature setpoint. The ETS reconfigures flow internally to reuse heat between the subsystems, and
to maintain a temperature differential set-point of 4.0 °K (7.2 °F) across the source side of the heat pumps. A schematic
illustration of this configuration is shown in Figure 2.

Buildings
connected to
loop via ETS

GHE District :m

Loop Loop

m o

TS
oop

— m

District
Connection

Figure 2. Schematic illustration of modeled thermal microgrid configuration. Note that the ETS reconfigures flow
internally (not shown) to reuse heat between the sub-systems.

The UO-DES workflow characterizes the district energy system (or thermal microgrid) model based on user inputs for
system configuration, layout, and design and operating parameters. Inputs to the UO-DES workflow include a GeoJSON file
with building, district, and GHE data, the modeled building load profiles, and the typical meteorological year weather data
file for a weather station near the site. GHE design data include the available land area for a GHE, equipment type (e.g.,
geothermal heat pump—ambient water), piping parameters, and geometric constraints on borehole depth. Properties such as
soil thermal conductivity were characterized based on data obtained from the region (Groenholland Limited, 2024). In the
UO-DES workflow, the GHE is sized based on the input parameters and building load profiles, using GHE Designer
(Mitchell, et al., 2023). GHE Designer is a Python package for designing GHEs used with heat pump systems. At the
conclusion of the GHE sizing, the ground thermal response function (known as a g-function) that is unique to the specific
borehole configuration is generated. g-functions are commonly used in design tools to simulate GHEs used with heat pump
systems (Spitler, West, Liu, & Borshon, 2022).

The annual load profile for the condenser waste heat from the commissary refrigeration system was obtained from the
building energy simulation, which compared well with values from as-built drawings. In the thermal microgrid model, waste
heat is added to the district loop only when the load is heating dominated, and waste heat flow is controlled for an outlet
temperature on the district loop side of 30°C (86°F) to reflect an estimated waste heat source temperature of 32°C and an
assumed 2°C (3.6°F) approach for the heat exchanger.
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RESULTS

In this analysis, the following three scenarios have been considered:

e Scenario 1, “Aggressive Retrofit”, which serves as an upper bound on potential energy savings, and
incorporates low heating hot water supply temperatures to buildings (30-40 °C, 85-105 °F), typical of
radiant hydronic HVAC systems). A deep energy retrofit would likely be required to facilitate compatibility
with such temperatures.

e Scenario 2, “Minimal Retrofit”, which emulates a minimal retrofit of existing coils, with heating hot water
supply temperatures to buildings in the range of 60-70 °C (140-160 °F).

e Scenario 3, “Waste Heat”, incorporating the supply temperatures from Scenario 2, and waste heat from
commissary refrigeration. (Only initial findings from Scenario 3 are presented here).

Note that temperatures on the district loop itself remain within the same range in Scenarios 1 and 2. Results that relate to loop
temperatures, heat pump performance, and overall energy performance, among others, were reviewed to assess the modeled
thermal microgrid’s performance. Sizing of the ground heat exchanger is an important factor in influencing the system’s
energy performance, both short- and long-term, and capital cost. Closely intersecting with sizing of the ground heat
exchanger is the selection of the thermal microgrid’s working fluid, which can consist of pure water, or a water/glycol
mixture. The use of pure water results in lower capital costs and pumping energy and can simplify permitting. Pure water was
initially considered as a working fluid in this analysis, but it was found that freezing would result in the district loop during
winter due to the rate of heat extraction. Thus, water with a 25% ethylene glycol mixture was used instead, which depresses
the freezing point to -12.0 °C (10.4 °F) and prevented freezing from occurring in this analysis. Note that this working fluid
circulates throughout the entire loop, including the GHE.

Table 1 shows a summary of GHE sizing for Scenarios 1, 2, and 3. Note that, due to regulations at the installation location,
borehole depth is limited to a maximum of 50 m (164 ft), which increases the total GHE length required, relative to a system
with deeper boreholes. GHE Designer uses bounds on maximum and minimum loop temperature over a 20-year period to
inform the GHE sizing. The use of a water/glycol mixture as the working fluid allowed reducing the lower bound on
temperature leaving the GHE from 5 °C (41 °F) to -5 °C (23 °F), maintaining the maximum temperature at 30 °C (86 °F).
This expanded range of temperatures over which heat transfer could occur allowed for a significant reduction (54.5%) in the
borefield size with the selection of the water/glycol mixture, as opposed to pure water, as the working fluid, and also results
in a borefield that fits within the total area on the site suitable for GHE (about 37,160 m? or 400,000 ft?). All further analysis
reflects the use of this water/glycol mixture. The load on the system is the same in Scenarios 1 and 2, and close to thermally
balanced over the course of the year, as shown in the cumulative load ratio (ratio of cumulative annual heating to cooling
loads). The inclusion of waste heat results in a highly imbalanced annual thermal load profile, with a cumulative load ratio of
0.27. Thus, Scenario 3 requires a significantly (69.4%) larger ground heat exchanger, as shown in the increased total
borehole length in Scenario 3. This effect could potentially be mitigated through further refinement of the waste heat control
strategy. Also, the expansion of this proposed thermal microgrid over time to incorporate heating-dominated buildings could
alter the load balance on the loop, and benefit further from the addition of waste heat.

Figure 3a shows the annual modeled trajectory of working fluid temperatures at the outlet of the GHE. These temperatures
approach the design upper bound of the system in summer and drop to below 5 °C (41 °F) in the winter. Note that the GHE
was sized to provide fluid temperatures within these design limits over a 20-year time period, and thus it is expected that the
fluid temperatures would not reach the design boundaries within the time frame simulated (the first year of operation).
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Table 1. GHE Sizing Summary

Number

. . . Borehole Area Cumulative  Total Borehole Length
Scenario Working Fluid of Depth m(f}) Load Ratio m (ft)
Boreholes
m (ft)
1 and 2 Water 603 42.8 (140) 68,742 (739,934) 1.17 25,784 (84, 593)
land2  Ethylene glycol/water 245 48.1 (158) 6,661 (71,698) 1.17 11,760 (38, 583)
3 Ethylene glycol/water 415 48.2 (158) 11,690 (125,830) 0.27 19,920 (65, 354)

Figure 3b shows profiles of the total available waste heat resource from refrigeration, and the waste heat added to the district
loop under Scenario 3. Waste heat addition to the district follows the seasonal profile of the loads on the system. (Summer
heating loads are largely the result of reheat.) Under this control approach, 844 MWh (2.8 million kBTU) of waste heat are
expected to be transferred to the thermal microgrid, equal to about 20% of the annual aggregate space heating and SHW
loads. Note that the waste heat source temperatures (approximately 32°C/90°F) are less than the building-level space heating
and SHW setpoints and still require “boosting” with a heat pump.

Figure 4a illustrates the effects of source-side temperatures on heat pump heating COP for Scenarios 1 and 2 (which differ in
load-side temperatures), for one building at the site, which is broadly representative of heat pump performance at the other
buildings. The COP values shown in Figure 4a reflect only energy consumption by the heat pump compressors, and not
circulation pump energy. In the Modelica Buildings Library heat pump model used in this application by URBANopt-DES,
heat pump COP is modeled as the product of a Carnot effectiveness (0.49 in this case) and the Carnot efficiency calculated
based on source- and load-side temperatures (LBNL, 2024). Note that, in Scenario 1, there are a small number of datapoints
with very high COPs (greater than 20), that are not physically realistic. This is an artifact of the approach by which COPs are
modeled, and the source- and load-side temperatures. These datapoints have a very small effect on the calculated aggregate
energy consumption, occurring in fewer than 1.5% of the overall modeled timesteps. Many of the datapoints with very high
COPs shown in Figure 4 correspond to low-load conditions. The load-weighted average heating COPs are 5.4 for Scenario 1,
and 2.7 for Scenario 2, respectively. Further refinements to the model could cap the COP at a given value. As expected,
higher load-side temperatures (60 — 70 °C / 140-160 °F vs. 30 — 40 °C /85-105 °F) result in lower heating COPs at a given
source-side temperature. The higher rate of change of COP with respect to source temperature in the curve formed by the
datapoints in Scenario 1 relative to Scenario 2 reflects the lower heat pump lift associated with Scenario 1, given the lower
load-side temperatures, and similar source-side temperatures.

Figure 4b shows a disaggregation of annual HVAC source energy consumption by end use for the baseline and Scenarios 1
and 2. Heating is the dominant end-use for the baseline scenario, and fan energy is the dominant end use in Scenarios 1 and 2.
Fan energy was assumed to remain the same for the thermal microgrid scenarios as in the baseline!. This reflects the fact that
air-side systems would not be modified as part of Scenario 2, and is likely a conservative assumption for Scenario 1, which
could reflect a transition to radiant hydronic, rather than air-based, distribution of heating and cooling. The “building pump”
category in the thermal microgrid scenarios encompasses both pump energy use in the ETS, and building-level circulation.
Building-level circulation pumps in the thermal microgrid scenarios are controlled based on a fixed temperature differential,
and thus building-level pump energy does not vary between Scenarios 1 and 2, as the thermal loads are fixed. Effects on the
ETS circulation pumps due to changes in heat pump heat rejection at different operating conditions are expected to be
minimal.

11t is possible that a retrofit to accommodate lower heating hot water supply temperatures could result in increased fan
energy use due to physically larger coils and the associated pressure drop. The assumptions around fan energy could
be refined in future work.
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Figure 3 Left(a): Annual district working fluid temperature at outlet of GHE during a simulated year. Right(b): Upper
subplot shows net load for all buildings (heating, SHW, and cooling), and load profile of total available
waste heat. Lower subplot shows thermal input transferred from the waste heat source to the district
working fluid in Scenario 3. In upper subplot, negative values reflect a net cooling load. Data was
resampled for clarity.
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Figure 4 Left (a) Space heating heat pump COPs as a function of source-side temperature for Scenarios 1 and 2, along with
load-weighted averages. See text for explanation of high COP values. Data was resampled for clarity. Right (b):
Disaggregation of source energy use for the baseline and Scenarios 1 and 2.

Note that the borefield pump energy use is very small, approximately 40 MWh per year. The borefield pump pressure drop
per unit length was characterized based on published data from real ground heat exchanger installations using water (Javed &
Spitler, 2022). This value can be refined in further work to reflect the use of a glycol mixture, but borefield pump energy use
is expected to remain low, due to the control strategy and parallel borehole configuration. The borefield pump was controlled
to operate only when flow through the ground heat exchanger is required to temper the loop. The relatively small fraction of
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overall energy use attributable to circulation pump energy use is consistent with results of other modeled analyses of TENSs,
including that of Maccarini et al (Maccarini, et al., 2023). The baseline source EUI for HVAC is 223 MWh/m? (71 kBTU/ft?).
Scenario 1 results in a 43% reduction of source HVAC energy use from the baseline, and Scenario 2, a 31% reduction. These
results are consistent with those of previous studies, such as that of Allen et al. (2021). As expected, relative to Scenario 1,
the higher heating hot water supply temperatures in Scenario 2 result in lower heat pump COPs in heating, and higher heat
pump energy use. On a source energy basis, the higher supply temperatures increase HVAC energy use in Scenario 2 relative
to Scenario 1 by about 20%, or by 25.5 kWh/m? (8.1 kBTU/ft2). The notable energy savings associated with lower heating
supply temperatures at the building level in a thermal microgrid is generally consistent with results of other studies, such as
that of Maccarini et al. (Maccarini, et al., 2023).

CONCLUSION

The modeled thermal microgrid configurations demonstrate significant potential for energy savings. With a limited reduction
in heating supply temperatures (Scenario 2), a thermal microgrid would enable a 31% reduction in source energy use for
HVAC, eliminating the use of natural gas for space and water heating. Review of trend data for heating coil valve position
for existing buildings at the site will be performed to assess the viability of reductions in heating supply temperatures. A
more significant reduction in heating supply temperatures using radiant hydronic HVAC systems (Scenario 1), would result
in even greater HVAC energy savings (43%), but would require an extensive and costly building retrofit. Integration of waste
heat from commissary refrigeration into the district loop would enhance the energy savings from either of the temperature
scenarios and will be further explored. Appropriate sizing of GHEs is important to ensure stable long-term operation of the
system, and to control capital costs. Further work will seek to optimize sizing of the GHE for integration of waste heat. This
case study has demonstrated the energy savings benefits of thermal microgrids for existing buildings, and the influence of
heating supply temperatures on system performance, as well as identifying capital cost savings opportunities for a thermal
microgrid serving the case study area. Additionally, reducing natural gas usage reduces exposure to fuel price volatility. With
future improvements to performance of water-source heat pumps at high supply temperatures, these energy savings may
become even more readily attainable for existing buildings.
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NOMENCLATURE

COP = Coefficient of performance

CV (RMSE) = Coefficient of variation of root mean squared error
DES = District energy system

ETS = Energy transfer station

EUI = Energy use intensity

GHE = Ground heat exchanger

SHW = Service hot water

UO-DES = URBANOopt - District Energy Systems
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