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MREX52
Preface

This report is part of the work within IEA HPT Annex 52 - IEA HPT Annex 52 - Long-term performance
monitoring of GSHP systems for commercial, institutional and multi-family buildings, with project period
January 1st 2018 to December 31 2021. The Annex 52 Operating Agent is Sweden.

Annex 52 aims to survey and create a library of quality long-term measurements of GSHP system
performance for commercial, institutional and multi-family buildings. While previous work will be
surveyed, the emphasis of the annex is on recent and current measurements. The annex also aims to
refine and extend current methodology to better characterize GSHP system performance serving
commercial, institutional and multi-family buildings with the full range of features shown on the market,
and to provide a set of benchmarks for comparisons of such GSHP systems around the world.

The results from the annex will help building owners, designers and technicians evaluate, compare and
optimize GSHP systems. It will also provide useful guidance to manufacturers of instrumentation and
GSHP system components, and developers of tools for monitoring, controlling and fault detection/
diagnosis. This will lead to energy and cost savings.

When the former ASHRAE headquarters building in Atlanta, Georgia was renovated in 2008, one of the
goals was to create a living lab that could be accessed by members to learn about commercial building
performance and about state-of-the-art sustainable technology. As a part of this living lab concept, the
building used three separate HVAC systems — a variable refrigerant flow (VRF) air-to-air heat pump
system for spaces on the first floor, a ground source heat pump (GSHP) system, primarily for spaces
on the second floor, and a dedicated outdoor air system (DOAS), which supplies fresh air to both floors.
Another important aspect of the living lab is the extensive array of sensors that monitor the operation
of the HVAC equipment and the conditions in each zone in the building. This project utilized data from
the building automation system to analyze the building systems, with an emphasis on comparison
between the VRF and GSHP systems. The work described in this report was funded by The Geothermal
Exchange Organization and by the US-China Clean Energy Research Center for Building Energy
Efficiency. The data were made available by ASHRAE. Additional support came from the Southern
Company, which provided a power engineer to assist with onsite measurements.



Summary

In 2008, the then ASHRAE Headquarters Building in Atlanta, Georgia underwent major renovation.
(Subsequently, the building was sold to a large healthcare provider, whose campus surrounded the
building. ASHRAE moved to a new building in 2020. This report only covers the systems at the
previous headquarters building.) The 2008 renovation of the two-story building involved switching to
an open plan configuration, constructing an addition that brought the total floor area to 1445 m*, and
installing three new state-of-the art HVAC systems. A ground source heat pump (GSHP) system
served the second floor and a variable refrigerant flow (VRF) air source heat pump (ASHP) system
served the first floor. In addition, a dedicated outdoor air system provided filtered and conditioned
outdoor air to maintain indoor air quality on both floors. Though the focus of the original research
project was comparison of the performance of the GSHP system and the VRF ASHP system, this
report only covers the GSHP system. The interested reader may consult the previously published
papers in the References section for coverage of the comparison.

The GSHP system is a distributed system with 14 water-to-air heat pumps distributed around the
building. The total nominal cooling capacity is 119 kW (31.5 tons). Except for two small single stage
console units, the heat pumps are all 2-stage with electronically commutated motor (ECM) fans. The
heat pumps provide heating and cooling, but not domestic hot water.

Intended for use as a “living laboratory”, the building was extensively instrumented with about 1600
data points being measured and recorded. Despite the availability of 1600 measurements, many
desired measurements, especially the heating and cooling provided by each system, are not
available. Therefore, much of the work involved analysis of the data, post-processing of the data to
estimate quantities such as heating and cooling provided, and uncertainty analysis to characterize the
accuracy of the results. The GSHP system was analyzed for the two-year period July 2011 — June
2013.
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BACKGROUND

The building

Between 1980 and 2020, the headquarters building (Figures 1 and 2) of the American Society of
Heating, Refrigerating and Air-Conditioning Engineers was located in the North Druid Hills area of
Atlanta (Figure 3). The 2-story building was originally constructed as an 1860-m' office building in 1965,
in 1980 (Vaughn 2014). The building underwent significant renovations in 2007-2008, which included
a 372-m' addition containing conference rooms, corridors and a vestibule on the first floor and a new
stairwell.

The original portion of the building envelope has a curtain wall construction with alternating sections of
brick pilasters and windows, with spandrel glass above and below the windows (Spitler 2009). The new
addition has windows along the corridor and vestibule and solid walls around all three exterior sides of
the conference room. For both brick and spandrel sections, the overall resistance of the walls is 2.3
(m*-K)/W. The building is built on a concrete slab with an overall resistance of 1.2 (m*-K)/W, and the
roof has 15¢cm of rigid foam core insulation between the metal deck and the membrane roofing material
making the overall resistance of the roof 5.5 (m*-K)/W. The original 1965 windows are double-glazed
with12-mm air space between a bronze-tinted outdoor pane and a clear indoor pane. The windows are
inoperable in aluminum frames with thermal breaks and have an estimated overall combined U of 3.2
W/(m*'K) (ASHRAE 2013).

In the renovation, the original building envelope was left relatively intact, beyond adding the new
addition. The renovation changed the interior configuration to improve daylighting and added a
combination of photocells and occupant sensors to control the lighting.

Additional green features that were added included a green roof (Figure 4) over the new addition, and
photovoltaic arrays. From this project’s perspective, the key addition, though, was the replacement of
the existing heating and cooling system with three separate mechanical systems— a variable refrigerant
flow (VRF) air-source heat pump (ASHP) system to provide heating and cooling to the first floor, a
ground source heat pump (GSHP) system, primarily for spaces on the second floor, and a dedicated
outdoor air system (DOAS), which supplies fresh air to both floors for ventilation.

Because the original project had as its goal, comparison of the VRF ASHP system and the GSHP
system, the system boundaries in this report treat only the GSHP system. The other two systems are
not treated as supplementary parts of the GSHP system.
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Figure 1 ASHRAE Headquarters Building (Photo: JD Spitler)
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Figure 2 ASHRAE Headquarters Building (Photo: JD Spitler)



Figure 4 Green roof (Photo: Petr Konecny)
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Table 1. Summary of the building features
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Table 2. Summary of the system configuration
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The ground source system

The GSHP system is configured as a distributed system with 14 Climatemaster water-to-air heat pumps
with a total nominal capacity of 111kW (31 Y2 tons). Two 2.6 kW (34-ton) Tranquility console units provide
heating and cooling to both floors of the rear stairwell. Six 7-kW (2-ton) and six 10.6-kW (3-ton)
Tranquility 27 series 2-stage heat pumps with electronically commutated motor (ECM) fans provide
heating and cooling to the remainder of the second floor. All 14 of the heat pumps use HFC-410A
refrigerant.

The closed-loop vertical borehole heat exchanger field lies under the parking lot and consists of twelve
122-m deep vertical boreholes containing single U-tube high density polyethylene (HDPE) pipes. The
pipes are SDR-11, nominal 1-%4” diameter. (O.D 42.2 mm; I.D. 34.5 mm) HDPE pipes in a single U-
tube configuration. Design documents (Johnson Spellman & Associates, 2007) specified the use of
thermally enhanced grout. The boreholes are in a 2 x 6 arrangement on 7.6-m centers as shown in
Figure 5. Ewbank and Associates conducted an in-situ thermal conductivity test on February 3-6, 2008.
Ewbank and Associates (2008) reported a deep earth temperature of 19.5°C with an earth thermal
conductivity of 3.25 W/(m-K) and a grout thermal conductivity of 1.7 W/(m-K).

Climatemaster provided performance data and installation, operation and maintenance manuals for
both the Tranquility 27 series and Tranquility console units (Figure 7) (Climatemaster, 2012,
Climatemaster, 2013). The variable speed fans operate continuously at lowest speed for ventilation
when the building is occupied. According to the sequence of operations, when a zone temperature
reaches 0.8°C beyond set point, the corresponding heat pump turns on in first stage operation and fan
speed increases to the stage 1 speed setting. Upon a further change in zone temperature to 1.4°C
beyond set point, the heat pump begins second stage operation and fan speed increases to the stage
2 speed setting. Upon a return of zone temperature to within 0.6°C of set point, second stage operation
ceases, and upon a return of zone temperature to within 0.2°C of set point, first stage operation ceases
(Johnson, Spellman & Associates, 2008).

Water is circulated through the 2-pipe building loop and the closed loop ground heat exchanger by a 5-
horsepower Bell & Gossett 2x2x9%2B Series 80 centrifugal pump (Figure 8) with 8 7&” impeller operating
at a maximum speed of 1750 RPM (Bell & Gossett, 2008). The pump is powered by an ABB ACH550-
UH variable frequency drive (VFD) shown in Figure 9. The pump and VFD have identical backups. The
two pumps are piped in parallel and operate alternately on a weekly schedule, switching which pump
is operating and which pump is backup every Wednesday at 1:00 p.m. Pump speed is controlled to
maintain the loop differential pressure set point. Individual heat pumps have solenoid valves that shut
off the loop flow to the heat pump when it is off. Combined with the pump speed control, this has the
effect of keeping flow rate to each heat pump approximately constant when the heat pump is on. The
total system flow may vary significantly as the number of heat pumps on increases and decreases. The
differential pressure set point was changed a couple of times during the operation.
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Figure 5. ASHRAE headquarters building with arrangement of boreholes
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Figure 6. Simplified schematic of the ASHRAE Headquarters GSHP system. [Pictograms by TU
Braunschweig IGS, used with permission within the course of IEA HPT Annex 52.]
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Figure 8. The mechanical closet showing one of the alternately-operated circulation pumps. (Photo:
Petr Konecny)
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Figure 9 Variable frequency drive for pump (Photo: Petr Konecny)

Table 3. Summary of the ground source and sink
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Table 4. Summary of the ground heat exchanger — Boreholes
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Monitoring

Another aspect of the living lab concept is the building automation system (BAS), which monitors
information from over 1600 points on the zone conditions, equipment operations, and resource use.
Measured data include space temperature, humidity, and CO2 concentration, individual unit operating
status, operating mode, air flow rate, discharge air temperature and humidity, and energy use for a
variety of subcategories. Information on the sensors that are installed in the building is given in Table
5 (ALC Controls, 2008). Additional details may be found in Southard, et al. (2014)

Table 5. Instrumentation details
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The data were stored at intervals ranging from 5 minutes to 1 hour and were accessible through an
Internet portal. Historical data were available beginning in March 2010, although gaps of several days
exist for four distinct periods between August 2010 and June 2011. The two-year time span of July 1,
2011 — June 30, 2013 was chosen for this study. Data for 559 data points were collected. A list of
data points that were collected is in Appendix A of Southard, et al. (2014).

While data points for flow rates, temperatures, and humidities were recorded every 15 minutes, data
points for compressor start/stop, reversing valve position, and operating mode are recorded on
change. Raw data was pre-processed by an Excel VBA program to add information on operating
mode, compressor status and reversing valve position to every line and to remove lines that did not
contain temperature measurements. Some temperature and humidity data points are only recorded
hourly, so pre-processing programs interpolated values for the quarter and half hour intervals. Power
data are recorded every five minutes, so pre-processing selected only 15-minute data points for
instantaneous matching with operating conditions. When pre-processing was completed, data files
contained 70,168 lines of data (every 15 minutes for two years) for each relevant data point.
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Weather data points from the BAS system proved to be non-functional or inaccurate, so weather data
for 2011-2013 for a similarly situated weather station 55 km away was purchased. The weather data
files contain hourly measurements, so data that would be correlated to weather were again pre-
processed to select only hourly data points.

Despite the extensive monitoring program, not every measurement needed was available.
Specifically, airflow rates and entering/exiting humidities were not measured for all heat pumps. The
procedures used to make estimates for these quantities and the resulting uncertainties are described
more fully by Southard, et al. (2014b), but can briefly be summarized as follows:

¥ Airflow rates for individual heat pumps were not measured, so we relied on flow hood data
collected during the commissioning phase. The fan speeds for each heat pump depended on
the compressor stage — off, low, high — and therefore the flow rate could be estimated with
the flow hood data and knowledge of the compressor stage.

¥ The entering air humidity was estimated from the zone humidity measurement; the exiting air
humidity was estimated based on detailed analysis of one heat pump that showed the exiting
relative humidity was nearly constant at 78%, so this was used as an approximation to
determine the exiting air humidity.

The uncertainty analysis is described in some detail in Southard, et al. (2014b) and the interested
reader is referred there for more details. One interesting feature of the analysis is that though using
distributed heat pumps increases the difficulty of measuring the heating and cooling provided, the
randomly distributed nature of the error means that multiple measurements, when aggregated, have a
lower error than the individual heat pump measurement. Specifically, the uncertainty analysis gives
uncertainty estimates for individual heat pumps as +23%/-18% for cooling and +12% for heating.
However, in aggregate, the uncertainty in the total cooling provided is +14%/-11% and the uncertainty
in the total heating provided is £7%.

Performance metrics

The ASHRAE headquarters ground source heat pump system is a distributed system using water to air
heat pumps. The heat pump units contain an integrated fan that makes up the “distribution system.”
This feature, along with the nature of the distributed system, has several implications for evaluation of
the system performance:

¥ Since there is no buffer tank, domestic hot water tank or pumping system that supplies heated
or cooled water to a separate distribution system, the Annex 52 boundary levels 2, 3, and 4 are
all the same, as shown in Figure 10.

¥ To measure performance factors for levels 1-4, it would be necessary to measure the electricity
consumed by the fan for each of the 14 heat pumps. This would have been rather expensive
to do and was not done.

¥ In fact, the electricity for the GSHP system was only measured for the entire system, so
included all of the heat pumps and the source-side circulating pump. It also included the power
for the building automation system control panel connected to the GSHP system.

¥ The source-side circulating pump is not separately monitored, but field measurements were
used to calibrate a model of the pump that allows estimation of performance factors for
boundary level 0.

14
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As a result, the only performance factors that can be measured are those corresponding to boundary
levels 0 and 5. As will be discussed later in this section there are ways to make estimates of energy

consumption of some components in the system. These estimates can give further insight into the
system performance, but do not lead to estimates of performance factors for boundary levels 1, and 2-

4.
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Figure 10 Annex 52 boundary schema applied to the ASHRAE Headquarters Building GSHP system in

heating mode.
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Table 6. Calculated system boundaries for the system according to the Annex 52 boundary schema.
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PERFORMANCE MONITORING RESULTS

Building heating and cooling loads

Based on the procedures described in the Monitoring section above, the amount of heating and cooling
provided by each heat pump is estimated and aggregated. This leads to the values summarized in
Table 7 and Figures 11-13. A general trend may be observed — the 2" year has higher heating loads
and lower cooling loads than the first year. The first year had an average outdoor air (ODA) temperature
of 17.5°C; the second year had an average of 16.2°C. Monthly ODA temperatures are shown in Figure
14, where it can be seen that the first year is notably warmer than the 2" year, particularly for February-

May, August, and November.

Table 7. Overall load characteristics
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Figure 11. Measured building energy signature of the ASHRAE Headquarters building (portion served
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Ground heat exchanger performance

The difference in the weather data between the two years of operation, with the 2" year being
somewhat colder, is reflected in the higher annual heat extraction and lower annual injection shown in
Figure 15. Figure 16 shows the monthly average heat pump entering fluid temperatures (EFT). As
expected with the colder weather in the 2% year, the monthly average heat pump EFT are noticeably
lower than in the 1-° year.
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Figure 15. Annual ground heat exchange over the monitoring period
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Figure 16 Monthly average heat pump entering fluid temperatures.

The distribution of heat pump entering fluid temperatures is represented as a histogram in Figure 17.
Each bar represents a temperature bin with a width of 0.5°C. So, the bar labeled 20 represents about
420 hours between 19.75°C and 20.25°C. The outdoor air temperatures corresponding to these bins
are shown in Figure 18.
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Figure 17 Number of hours over two-year period for each heat pump entering fluid temperature bin (For
the 7557 hours when one or more heat pumps were running)
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Heat pump performance

Because the monitoring system did not allow for independent measurement of the heat pump
performance — that is, no performance factors for boundaries other than boundary 5 can be computed,
we will first address the overall system performance in the next section, then return to some aspects of
the heat pump performance in that section.

Overall system performance

Performance factors for boundary 5 are shown in Figures 19-20. One notable trend is that the heating
performance factors are noticeably higher in the second year than in the first year. As discussed by
Spitler, et al. (2017), the setpoint of the differential pressure controller was reduced from 138 kPa to 55
kPa on April 10, 2012. This change, which has the effect of reducing the water flow rate, significantly
reduced the pumping energy consumption and increased the system COPs.

Another notable feature is that, in general, the cooling COPs are highest in the warmest months. This
is contrary to expectations based on the thermodynamics of the heat pump vapor compression cycle,

though it may be explained by other effects, investigated below.
&"#
&"!
%"#
%"
$"#
$"l
I"#
"l 2 s
5 5533333
+ & +
+ N
Ny (o]
= O

A56+$ S |
T2+$5 |
(89+ 5/ ————
(89+$ & ————
+ 38, |

& S N SN o3
& a9 Seeasd3Pes & & B
R S & + ¥ Y yefd Y ¥ i
£ ¥ 59 100 Ao s+ Qo non >
C A< a %"O\(}QO\?OVA:\.HQR Q< -

Figure 19. Monthly heating performance factors for boundary 5, over the monitoring period.
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Figure 20. Monthly cooling performance factors for boundary 5
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The variations in performance that are counter to thermodynamic expectations have previously been
explored by Spitler, et al. (2017). In short, there are several types of energy consumption that are either
relatively constant with changing load, or which do not change proportionally to changing load.
Therefore, under higher load conditions, the system will show higher performance factors. This can be
illustrated with a binned performance factor analysis. In Figure 21, the combined heating and cooling
performance factor for boundary 5 is binned against the total provided heating and cooling.
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Figure 21 Binned performance factors for heating and cooling combined (for all bins with at least 15
hours) as a function of the total heating and cooling provided.

As can be seen in Figure 21, the performance factors are closely related to the total heating and
cooling provided. Spitler, et al. (2017) presented performance factors binned against outdoor air
temperature and heat pump entering fluid temperature.

Table 8 provides a summary of the measured heating and cooling provided and the electricity usage.
Several entries are blank due to not having a measurement. Table 9 summarizes the annual

performance factors.
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Table 8. Provided heating and cooling and electricity usage
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Table 9. Performance factors over the monitoring period.
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Spitler, et al. (2017) analyzed some aspects of the performance that were possible using a
measurement of the total electricity of the GSHP system along with knowledge of when the compressors
were operating, the building schedule, and some spot measurements of the circulating pump power
consumption under different flow rates and differential pressure setpoints. Using this information, it was
possible to estimate the following parameters, summarized in Table 10 and described here:

¥ The parasitic energy consumption that coincided with all heat pump compressors and fans
being off. This energy consumption was about 385 W. This contains the heat pump control
boards (and possibly other electronic components such as solenoid valves), the fan control
board, and a local building automation system module. The energy consumption was
estimated based on the fraction of heat pumps that were off during unoccupied hours.

¥ The fans in the heat pump cabinets were scheduled to run continuously during weekday
business hours, in order to provide fresh air. The fan speeds varied depending on whether the
compressor was off, on in the 1! stage, or on in the 2" stage. Based on measurements made
when all the compressors were off, but the fans were on, it was possible to estimate the energy
consumed by the fans when the compressors were off. It would have required further
measurements to determine the energy consumed by the fans when the compressors were on.

¥ A model for the circulating pump energy was developed, then calibrated using field
measurements made during a site visit. This is further described in Section 5.3 of Spitler, et al.
(2014). This allows an estimate of the circulating pump energy. Consideration of the scatter
between the field measurements and the calibrated model suggests an uncertainty of +£25% on
the pumping energy.

¥ Finally, the heat pump energy, including control boards and fan use when the compressors are
on, may be estimated by subtracting the above measurements from the total system electricity
measurement.

The resulting estimates, for which we have not estimated the uncertainty (other than the pump energy),
are summarized in Table 10 and Figure 22. The estimated heat pump energy consumption is about 4%
lower in the 2% year of operation, while the pumping energy is about 55% lower. The extreme difference
in pumping energy is related to a change in the differential pressure setpoint on April 12, 2012.
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For the reader unfamiliar with this type of control used with distributed heat pump systems that utilize
central pumping, a short explanation is as follows. These systems are “two-pipe”; that is, there is a
supply-side and return-side. The ground loop fluid passes through each heat pump, transiting from the
supply-side to the return-side. In order to not waste energy by circulating fluid through heat pumps that
are off, each heat pump is equipped with a solenoid valve that shuts off the flow when the heat pump
is off. Without any further controls, the system would “ride the pump curve”, with the pressure increasing
as more heat pumps are turned off. Instead, a differential pressure measurement is made across the
heat pumps. The exact position of the sensors will vary, but the general idea is to adjust the pump
speed to maintain a constant differential pressure across the heat pumps. When this strategy works
correctly, each heat pump should have approximately a constant flow rate when the heat pump is on.
There are several nuances, including the fact that there is a limit as to how far down the circulating
pump speed can be adjusted. In some cases, one or a few heat pumps will not be equipped with
solenoid valves so that a minimum flow rate is always maintained. For the ASHRAE Headquarters
system, the building automation system detects when no compressors are running and shuts off the
central circulation pump.

In April of 2012, a knowledgeable engineer (Kirk Mescher) visited the ASHRAE Headquarters building
and noticed that the setpoint was too high, at about 138 kPa. On his advice, the setpoint was changed
to 55 kPa. This had the effects of lowering the flow rate through each heat pump; significantly reducing
the pumping energy; decreasing the performance factor of individual heat pumps; but increasing the
system performance factors. Spitler, et al. (2017) made some estimates of the decrease in heat pump
COP, and it varied with temperature so that it was difficult to give an exact number. Spitler, et al. (2017)
also discuss some other factors that influence the performance, including cycling losses and a single
heat pump with a stuck reversing valve.

Regarding the 4% decrease in the heat pump energy from year 1 to year 2, the total heating and cooling
load decreased about 9% from year 1 to year 2. Presumably, the heat pump energy would have
decreased more if the differential pressure setpoint had not been adjusted in April of 2012, near the
end of year 1.

Table 10. Breakdown of electricity consumption (kWh)
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Figure 22 Estimated breakdown of ground-source heat pump system energy consumption

As discussed above, it's possible to roughly estimate the circulating pump energy based on the flow
rate and differential pressure. The uncertainty for the calibrated model described by Spitler, et al.
(2014) is taken as +25%, based on the distribution of model predictions vs. measured results. This is
shown in Figure 23.

The performance factor for boundary level 0 can then be calculated. Because at times the heat
pumps are heating and cooling simultaneously, only combined heating and cooling performance
factors were calculated. The annual values are given above in Table 9. As expected, there is a
substantial increase in the 2" year due to the change in the differential pressure setpoint. Weekly
performance factors are shown in Figure 24; the vertical blue line represents the day at which the
setpoint was changed. The uncertainty is dominated by the uncertainty in the pumping energy.
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Figure 23 Comparison of measured pump power to model predictions with +25% error bands
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LESSONS LEARNT

The lessons learnt from this work specific to the GSHP system are divided into two categories — system
design / operation and monitoring / analysis, as described below. However, the original project had, as
its focus, the comparison of two systems — an air-source variable refrigerant flow (VRF) multi-split heat
pump system serving one floor of the office building, and the distributed ground-source heat pump
system serving the other floor. This work is described in detail in the project final report (Spitler, et al.
2014), and the peer-reviewed publications (Southard, et al. 2014a, 2014b; Spitler, et al. 2017). Some
changes in the VRF system meant that we limited our comparison to the period July 2011-March 2012.
As discussed in Southard, et al. (2014b), for the first nine months of the study, the system heating PF
of the GSHP system was 2.8+0.5 and the average system cooling PF was 3+0.5. For the same nine
months, the system heating PF of the VRF system was 1.7+0.3 and the system cooling PF was 1.4+0.3.
So, the GSHP system performed considerably better than the VRF system, but it’s difficult to draw any
general conclusions about this without making measurements of many systems.

System design and operation

Spitler, et al. (2017) takes a detailed look at issues with the GSHP system. Despite performing
considerably better than the VRF system, it appears there is still room for improvement. These issues
are:

¥ The system performance is sensitive to the differential pressure setpoint that controls the pump
speed. The system apparently ran for four years with a setpoint of 138 kPa. Analyzing the
performance of the system before and after the setpoint was reset to 55 kPa, Spitler, et al.
(2017) determined the decrease in the setpoint resulted in a 9% increase in cooling SPF and
an 11% increase in SPF.

The system served the headquarters building of ASHRAE; the building owner was highly
knowledgeable about the systems. The system was designed and commissioned knowing that
it would be a showcase system. The energy consumption data were publicly available, and
under ongoing review by interested parties. (The research project was funded to further
investigate those results.) That is, it's hard to imagine having a better situation to support
achieving high energy efficiency, yet a ~10% improvement that only required changing a
setpoint was left undone for four years.

The authors don'’t pretend to have the final word on how to avoid such problems. It seems
likely that several approaches might help address this problem:

0 Better understanding of the trade-offs between the setpoint, flow rates, pumping power,
heat pump power, and system performance is needed. General trends can be
understood with simulation. But achieving an accurate understanding of a specific
installation remains an open question. Measuring the flow rates for each heat pump
coupled with information about pump and heat pump performance could allow
development of an algorithm that would optimize the settings.

o0 Also, as discussed in Spitler, et al. (2017), the optimal setpoint for maximizing the
system performance seems to change with heat pump entering fluid temperature. The
owners also had concerns about water in the loop freezing during the winter if the flow
rate got too low. This suggests there is opportunity for further research to develop a
control algorithm that optimizes the differential pressure setpoint in response to
changing conditions.
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0 Measurements of large numbers of systems might allow a big data approach to
identification of performance improvements.

o0 Itmay be that a different commissioning procedure could address this — perhaps simply
adjusting the differential pressure sensor to achieve the bare minimum flow rate in each
heat pump would be an improvement.

¥ One of the distributed heat pumps failed with a stuck reversing valve and operated that way for
several months. This heat pump served a stairwell, where it seems building occupants probably
had low expectations for thermal comfort. Presumably, this would’ve been noticed much
sooner if the heat pump had been serving an office. It seems likely that heat pump on-board
diagnostics could readily detect this condition — the discharge air temperature was about the
same as the return air temperature. Perhaps this condition is not detected because it is
reasonably assumed that it should be detected by the occupant. However, one might speculate
that this condition could occur not only for heat pumps serving stairwells, but also for heat
pumps serving portions of open-plan offices.

¥ When all heat pumps are off and the circulating pump is off, the system has an energy
consumption of about 385 W. Even though this may seem small, it has a surprisingly
detrimental effect on system performance at low-load conditions. The authors don’t have an
informed opinion as to whether this could readily be improved, but at least it suggests some
caution is in order. More instrumentation and more computing could help the system perform
better, but this will also require additional energy consumption.

¥ Spitler, et al. (2017) presented some evidence of the effect that cycling losses have on the
overall system performance. This analysis was somewhat inconclusive and further research
would be useful.

¥ A key finding of the work is that the measured performance factors are more affected by the
amount of heating and cooling provided than by entering fluid temperatures to the heat pumps
or other factors. That is, the “parasitic” electrical energy, pumping energy, and fan energy
consumed when the compressors are off have a not insignificant effect on the performance,
becoming dominant at low load conditions. This indicates the importance of minimizing these
loads in the design and suggests that future research to lower these loads could be useful.

We note that the last two items might be partly ameliorated by using a central GSHP system with
hydronic distribution of heating and cooling. Fewer, larger heat pump units may reduce the control
board energy consumption. Incorporating a storage or buffer tank into a system with hydronic
distribution can significantly reduce cycling losses. However, the reader is cautioned against assuming
that central GSHP systems are more energy efficient than distributed GSHP systems. An admittedly
inconclusive comparison was presented by Spitler and Gehlin (2021) suggesting that pumping energy
used to distribute heating and cooling in a Swedish institutional building was much higher than the
excess energy consumed by control boards and cycling losses in the ASHRAE Headquarters
distributed GSHP system.

Monitoring and analysis

This project was conducted during 2013-2014, though additional analysis has been done after the
project was completed. It analyzed data collected from 2011 to 2013, using instrumentation installed
in 2008. It did not anticipate the new Annex 52 boundary conditions and was only able to perform a
proper analysis for boundary level 5 as a result. Lessons learned include the following:

¥ Distributed GSHP systems with many heat pump units require significant amounts of
instrumentation, particularly when the heat pumps provide heating, sensible cooling, and latent
cooling. At the cost of some uncertainty, we were able to get by with less instrumentation by:

o0 Approximating the outlet humidity based on detailed measurements from one unit. This
replaced having a humidity sensor on the discharge side of the heat pump.
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o Use knowledge of the compressor status and flow hood measurements to estimate the
airflow rate for each unit. This replaced having an airflow measurement station at each
heat pump.

0 For some heat pump units, the humidity of the mixed air returned to the heat pump,
which included return air from the room and fresh air from the DOAS (ventilation
system) was approximated as being at the room air humidity. This replaced an
additional humidity sensor at the heat pump.

¥ The pumping power was not measured but modeled based on measured flow rate and
differential pressure. The model was calibrated using field data collected on a site visit. In
retrospect, this approach could have been used to estimate the fan power when the
compressors were running. If this had been done, it would have been possible to estimate the
system performance factors at boundaries 0-5.

Possible Improvement s

For the GSHP system studied in this report, the building has been sold, and it is unlikely that any further
investigation by the project team will be funded. But, hypothetically, development of a supervisory
control strategy for the differential pressure control might provide additional savings.

Future wo rk

Although work on this particular system is likely at an end, there is much future work to be done. There
is a considerable shortage of knowledge on how installed systems actually perform, whether they be
ground-source heat pump systems or any other kind of system. Published accounts of measured
performance of heating, cooling, and ventilating systems are vanishingly rare. There is significant
evidence that energy performance of installed systems is often significantly lower than that expected at
the design stage — the so-called “building energy performance gap.” (de Wilde 2014)

We expect that a better understanding of the existence, causes, and remedies for this performance gap
will improve building energy performance. Much of the available research in building energy
performance has focused on energy use intensity (EUI) for the building. Though EUI is a useful metric
and relatively inexpensive to measure, it doesn’t distinguish between the load and the system
performance. With ongoing developments in the Internet of things, it should be increasingly more
affordable to make these measurements. We look forward to these developments.
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