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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 15t 2018 to December 315t 2021. 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.

Aalto New Campus Complex (ANCC) was selected as a Finnish case study. It is a large-scale
application of GSHP-BTES in Espoo, in Southern Finland, comprising roughly 23 kilometers of
boreholes and around 4 million m® of energy storage. The heating installations of ANCC operate at low
temperature between 25 and 45 °C, thus taking advantage of higher GSHP efficiency. In cooling
installations space cooling is provided at higher temperatures close to 20 °C by radiant ceiling panels,
thus enhancing the potential of BTES free cooling.

ANCC, operated by Aalto University Campus Real Estates (ACRE), was taken into full use in June
2019. The use of BTES field was activated already during the construction phase of ANCC in March
2018. Itis noteworthy to notice that the case study property has been in abnormal use due to warranty
period of construction until the end of 2020 and due to ongoing COVID 19 pandemic situation. The
above factors have undeniable impact on the performance of the system and the results obtained.
Despite the challenges, the case study has provided valuable new expertise in analyzing the operation
of a complex system.

The research was done in collaboration with Aalto University and Geological Survey of Finland (GTK).
Research team greatly appreciates ACRE for making it possible to conduct this monitoring study and
its staff for assistance received during the study. Thanks are also given to the ANCC automation system
supplier Assemblin Ltd. for the expert support related to measurement arrangements and measurement
data transmission.

The work that has led to this report has been partly funded by Business Finland, through Smart Otaniemi
innovation ecosystem project.



Summary

Aalto New Campus Complex (ANCC) is a recently inaugurated (2018) educational facility of Aalto
University, located in Otaniemi (Espoo), Finland. Within over 40 000 m2, it comprises two faculties —
School of Arts and School of Business, shopping center and recreational areas with cafeterias and
restaurants as well as a metro station. ANCC is also an important large-scale application of GSHP-
BTES in Finland, comprising over 23 000 meters of boreholes and around 4 million m*® of energy
storage. The heating installations of ANCC (both space- and AHU-heating) operate at low temperature
between 25 and 45 °C, thus taking advantage of higher GSHP efficiency, and using radiant solutions
(radiant ceiling panels, floor heating) in tandem with the more conventional radiators and fan-coils.
Similarly, space cooling is provided at higher temperatures close to 20 °C by radiant ceiling panels,
thus enhancing the potential of BTES free cooling.

The present report provides a measured performance of the energy system between July 2019 and
May 2021. The first annual period for system evaluation was chosen to be between October 2019 and
September 2020. During this period, the ground source heat pump has been used very intensively,
covering 95% of the annual heating demand while 5% is supplied by district heating. On the other hand,
some two-thirds of the annual cooling demand is free cooling from the ground while one-third is provided
by the heat pump. Despite fundamental issues related to the accuracy of all thermal energy meters
(totally 15), it has been developed an innovative methodology which adjusts the measured data in order
to accomplish daily balance on both sides of the GSHP (evaporator and condenser). The proposed
methodology is used also in conjunction with recovery of missing relevant data before April/May 2020
by applying linear regression techniques. This in turn, allows the reconstruction of the GSHP-BTES
interactions since the beginning of system operation in March 2018 as well as its validation against
DTS/measured data.

The initial period of system evaluation (Oct 2019-Sep 2020) is analyzed in terms of GSHP efficiency:
performance indicators (PF) for heating and cooling and also HP COP dependence on EFT, ODA, and
partial load operation. Underperformance is found during the summer, related to lower measured COP,
especially exacerbated in HP low partial load operation. Additionally, a suboptimal BTES pumping
operation is also detected in summer mode, which in turn decreases the efficiency of the borehole heat
exchanger (BHE).
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BACKGROUND

The building

Aalto University new campus complex shown in Figure 1 and located in Espoo, Finland (see Fig. 2),
was partly opened in the fall 2018. The building combines shopping center, restaurants and metro
totally provided by district heating.

station with the university (School of Arts and School of Business) and has total net floor area of 40 120
while 3-4 months - in summer mode.

m?. Heating and cooling demand of the building is mostly satisfied by ground source heat pumps. Peak
load demand of space and ventilation heating are assisted by district heating. Domestic hot water is

The average annual temperature in the region is 5.9 °C during the period 1980-2010 (Finnish
meteorological institute, 2020). The average measured outdoor air temperature within the complex

during the analyzed monitoring period (Oct 2019 — Sep 2020) was 7.6 °C. Therefore, the building is
designed to be heating dominated. During the year, 8-9 months the system is operated in winter mode,

ﬁ‘-‘

s e, 1

Figure 1. Aalto University new campus complex. Picture: Aalto University / Mikko Raskinen
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Figure 2. Location of the Aalto University new campus complex in Espoo, Finland.

Table 1. Summary of the building features.

Location

Year of building construction

Ground source system operation start date
Building Type

Building floor area (net, gross)

Analyzed monitoring start date

Analyzed monitoring period

Extended monitoring period

Unique features of the system

Espoo, Finland

2018

2018

University, shopping center, metro station

40120 m? net

2019-10-1

12 months

23 months (July 2019 — May 2021)

Large-scale GSHP-BTES system simultaneously
providing heating and cooling all year round and DTS
monitoring system for BTES field




Table 2. Summary of the system configuration.

Heat distribution

Cooling distribution

Domestic hot water (DHW) production by system
Supplementary heat for space heating

Supplementary heat for DHW

Supplementary cooling

Nominal capacity of supplementary heating for space heating
Nominal capacity of supplementary heating for DHW
Nominal capacity of supplementary cooling

Radiant panels/radiators (max. distribution temp
45°C), floor heating

AHU ducts, radiant ceiling panels, fan-coils
District heating

District heating

None

Air-based dissipation units

1150 kW

900 kW

Heating load 2420 MWh/year (60 kWh/m?,y) DESIGNED
3242 MWh/year 81 kWh/m?,y) MEASURED 1% year
Cooling load 720 MWh/year (17 kWh/m?2,y) DESIGNED
642 MWh/year (16 kWh/m?,y) MEASURED 1% year
DHW 381 MWh/year (10 kWh/mZ,y)
Heat pump type Brine-to-water
Reversible No
Compressor type Scroll
Speeds Variable speed
Heat pump system Centralized
Number of heat pumps 9

Nominal total heat pump heating capacity

Nominal total heat pump heating capacity available for DHW
Nominal total heat pump cooling capacity [kWin]
Refrigerant

790 kWi (9 x 87.8 kW at brine temperature 0°C /
output temperature 35°C)

None

790 kWin

R410A




The ground source system

The ground source heat pumps are connected to a system of 74 boreholes (Figure 3). Each borehole
is 310 m deep on average. Groundwater-filled borehole heat exchangers are 115 mm in diameter and
contain plastic PE single U-tube pipe with diameter of 40 mm. The borehole field (BTES) is drilled in
the granite-dominated bedrock; however, bedrock includes complex structure of subvertical layers of
other rock types. Furthermore, there is 10 m soil cover on top of the bedrock. There are three groups
of boreholes connected in parallel: groups A, B and C containing respectively 25, 27 and 22 boreholes.
Six of the boreholes are monitored using distributed temperature sensing (DTS) -technology.

Figure 4 illustrates the simplified schematic of the energy system. The system includes nine centralized
heat pumps modules, Danfoss DHP XL / 87.8 kW, with total capacity of 790 kW at brine temperature
0°C / output temperature 35°C. Heat pumps generate simultaneously heating on the condenser side
and cooling on the evaporator side. Most of the annual space-cooling demand is delivered as free-
cooling energy directly from the boreholes. During the cooling-dominated season (summer), significant
portion of AHU-cooling demand is provided directly by heat pumps’ evaporator side, and at the same
time all waste heat generated on the condenser side is dissipated.

The borehole field includes 2 circulation pumps Kolmeks AKN-100-2N / 11kW, each one capable to
deliver 21 I/s at 200 kPa. Both pumps are working in parallel connection by adjusting their output with
variable frequency drives Danfoss/VLT HVAC Drive.

Figure 3. Top view of Aalto University new campus complex with boreholes. DTS monitored boreholes
are marked as black.

The GSHP-BTES operation is based on two different modes: winter mode when the GSHP is used to
meet the heating demand (HP evaporator directly connected to the BTES field and space-cooling
provided as free-cooling from the ground) and summer mode with HP evaporator directly connected to
AHU-cooling exchanger. The switching between summer and winter operation depends on several
parameters such as the outdoor dry air temperature (ODA), cooling demand, temperatures of the
cooling circuits, etc. It occurs normally with an ODA between 12 °C and 15 °C.
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Figure 4. Simplified schematic of Aalto University new campus complex, system boundaries according
to the IEA HPT Annex 52 boundary schema (Pictograms by TU Braunschweig IGS, used with
permission within the course of IEA HPT Annex 52)

Ground thermal conductivity 3.2-3.4 W m™ K" and the borehole thermal resistance around 0.1 Km W-
' are based on two in-situ thermal-response tests. Assumed ground volumetric heat capacity is 1.81 MJ
m= K. Minimum and maximum ground heat exchanger exiting fluid temperatures are based on
monitored DTS data.

Table 3. Summary of the ground source and sink.

Ground source Vertical boreholes

Loop type Closed loop

Ground composition Granite

Groundwater level [m] 8-15 m (avg. 9 m) below the borehole head
Annual mean air temperature (measured) 5.9 °C (1980-2010) / 7.6 °C (last 12 months)

Undisturbed ground temperature 8.57 °C

Design ground thermal conductivity 3.30 W/m,K (average from TRT tests)
Specific ground heat capacity 725 J/kg,K

Minimum ground heat exchanger exiting fluid temperature 26°C

(EXFTmin)

Maximum ground heat exchanger exiting fluid temperature 14 °C

(EXFTrmax)

Table 4. Summary of the ground heat exchanger — boreholes.

Number of boreholes 74

Average borehole length 310.3 m
Total borehole length 22 962 m
Average distance between boreholes 13.1m
Borehole geometric distribution Irregular
Borehole diameter 115 mm
Borehole filling material Groundwater
Borehole heat exchanger type Single U-tube
Design Effective thermal resistance per unit length 0.0975 Km/W

Source side pipe characteristics
Source side brine type
Average source side brine flow in operation

PEM DN40 PN10 SDR 17 (40 mm/2.4mm)
Water-Ethanol 28%
041/s




Monitoring

Within the monitoring system, there are 12 thermal energy meters regarding heating and cooling
demand (both AHU- and space- demand) of 3 different zones, namely: School of Business (BIZ), Metro
station (METRO) and both School of Arts and Business (ARTS+BIZ). Additionally, there are 3 thermal
energy meters for measuring the BTES field, snow melting and dissipation energy. All energy meters
started gathering data since April/May 2020, they are not calibrated yet, and there is high uncertainty
regarding their measurements due to different reasons:

e The accuracy of energy meters depends on the errors related to flow, temperature difference
of supply and return fluids and calculator, quality of installation, proximity to disturbances and
pumps, dirt in fluid, gas entrainment, sampling interval, etc. Without calibration this accuracy is
difficult to evaluate

o Data is logged only once per hour regarding flow, temperature, and energy (instead of doing it
more frequently, with reduced sampling interval). This can generate significant errors, which
are difficult to estimate without calibration.

o All ANCC meters are battery-powered; thus, the sampling interval can be an issue, since a
much longer sample interval is used to reduce power consumption. Meters with slow response
can cause significant errors around 20-30%.

e The location of the energy meters is far away (hundreds of meters of pipe connections) from
the main HVAC room, thus heat losses/gains in distribution pipes / heat exchangers are not
accounted and can introduce additional errors

An important breakthrough was achieved regarding measured data management of the automation
system. A specifically developed data validation and reconciliation (DVR) methodology for data
management has been introduced for adjusting the measured data for consistency [1]. Uncertainty
factors were introduced for all measured heating, cooling, BTES and dissipation loads in order to
accomplish a daily balance on both evaporator and condenser side of the GSHP. The proposed
methodology is used also for the estimation of missing relevant data before April/May 2020 by applying
regression models based on different correlated measured variables, which allows a reconstruction of
the whole energy system since July 2019. Therefore, the proposed methodology is considered essential
due to its capability to handle measured data with high uncertainty (thermal meters), by using highly
accurate data (power meters) as a robust procedure between the evaporator and condenser side of the
GSHP.

Additionally, the monitoring system includes distributed temperature sensing (DTS) monitoring system
installed by the Geological Survey of Finland. Principles of the DTS installation procedure is explained
in IEA HPT Annex 52 Instrumentation guideline. In total, there are 11.8 km of temperature monitored
fiber optics installed into the system, and the main object is to monitor temperatures from the ground
heat exchangers (GHEs). In these measurements, the used DTS configuration is double-ended
measurement: therefore, temperature readings are offset calibrated.



Table 5. Summary of the system monitoring.

Measurement point Instrumentation Accuracy
Source side circulation pump electricity use Danfoss/VLT HVAC Drive 5%
Source side flow rate Comac Cal / Kamstrup 0.1l/s

Source side ground source exiting temperature
Source side ground source return temperature
Source side thermal load (borehole field)

Main HVAC room electricity use (includes GSHP and
all circulation pumps)

Heating side circulation pump electricity use
Heating side flow rate

Heating side exiting temperature

Heating side return temperature

Heating side thermal load

Cooling side circulation pump electricity use
Cooling side flow rate

Cooling side exiting temperature

Cooling side return temperature

Cooling side thermal load

Dissipation side circulation pump electricity use
Dissipation side flow rate

Dissipation side exiting temperature
Dissipation side return temperature

Dissipation side thermal load

Distributed temperature sensing -instrument
Distributed temperature sensing -cable

603-M

Comac Cal / Kamstrup
603-M
Carlo Gavazzi EM340

Danfoss/VLT HVAC Drive

Axioma LT-1621-MI004
Qalcomet Heat1
Danfoss/VLT HVAC Drive

Qalcomet Heat1
Danfoss/VLT HVAC Drive

Qalcomet Heat1
Silixa XT-DTS
BruSens 125/50mm
multimode

(not calibrated)

10 kW
(not calibrated)
1%

5%

Not calibrated
5%

Not calibrated
5%

Not calibrated
Estimation 0.3 °C
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Performance metrics

As mentioned previously, the basis of the specifically developed DVR methodology is introduced and
detailly explained in the scientific publication regarding Aalto New Campus Complex case study [1].
The GSHP power demand can be estimated very accurately (1-1.5% accuracy) by subtracting all
circulation pumps from the overall electricity demand of the main HYAC machine room. All circulation
pumps (heating/cooling load side, BTES source side and dissipation) account for roughly 12% of total
power demand of the main HYAC machine room. Circulation pumps of borehole source side (BTES)
are the principal consumers among all pumps, accounting for roughly half of the electricity demand of
all pumps.

There is no possibility to separately measure GSHP compressor and HP internal circulation pumps.
Therefore, the adopted logical Annex 52 boundary schema for performance factors (PF) is PF H2/C2
(boundary 2, summarized in Table 6), defined as follows:

Z Qnet_heat Z Qheat - Z QDH,heat

PF (H2) = = 1
( ) Z WHP,heat + Z WCP,BTES,heat Z WHP,heat + Z WCP,BTES,heat ( )
Z Qcool
PF (C2) = 2
( ) Z WHP,cool + Z WCP,BTES,cool ( )
PF (HCZ) — Z Qcool + Z Qheat - Z QDH,heat (3)

Z WHP + Z WCP,BTES

where Y Qco, Y Qreat and Y Qor et @are the sum of loads for cooling, heating and DH, respectively
over the studied period

> Whp and Y Wersres are the sum of GSHP and BTES circulation pumps power demands

over the studied period

Additional indices in Egs (1) - (3) indicate the allocation of power demands for heating and cooling,
respectively.

Table 6. Calculated system boundaries for the system according to the Annex 52 boundary schema.

Boundary description

HPT Annex 52 Boundary levels H2/C2

Ground Source (circulation pumps+ ground
source) X

Heat pump unit including internal energy use
and internal circulation pumps X

Equivalent in the SEPEMO boundary schema H2/C2

11



SHPT
ANNEXS 2
Additionally, the heat pump measured COP is calculated according to the following relation:

Z QHP cond
P == (4
OF =Wy @

where Y Qrp,cond, and Y Wrp are the sum of thermal output of HP condenser and HP power demand
(including HP compressor power input, internal energy use and internal circulation pumps)

Furthermore, the measured COP is compared to the calculated theoretical Lorentz/Carnot COP based
on HP sink and source temperatures:

Mor Lim, Tupcs — T T, —T
COPLor = %,where Timy = —— C‘ST LG HPE,OT HPE,l
tmH — lim,L In ( Hpas) In ( HPE, o) 5
Thpc R Tupe,
_ _carTHPCS
COPcqr = === (6)

THpc,s—THPEI

Tim+ and Tim,L are the logarithmic mean temperature of the heat pump’s condenser and evaporator
respectively. Tupc and Thpe are condenser and evaporator temperatures, while notations I/O stand for
inlet/outlet temperatures of the evaporator and S/R stand for supply/return temperatures of the
condenser (expressed in Kelvin). The adopted values for Lorentz/Carnot efficiencies #ror/7jcar in the
present case study are 0.39 and 0.43 respectively.
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PERFORMANCE MONITORING RESULTS

Operational data were retrieved from July 2019 to May 2021, however some relevant measurements
before April/May 2020, like BTES loads, dissipation, and all circulation pumps, had to be estimated
applying linear regression models [1]. Additionally, all thermal loads (heating and cooling demands,
BTES loads and dissipation) were adjusted with the specifically developed DVR methodology. The first
annual period for system evaluation was chosen to be between October 2019 and September 2020 [1].

Building heating and cooling loads

Aalto New Campus Complex is a heating dominated system, which is reflected in the annual heating
and cooling demands (Table 7). This fact affects the operation of the borehole field, where there is a
huge annual imbalance between the heat extracted from the ground and the heat injected to the ground
(ratio 7.5). The total annual net heat extraction from the ground is roughly 1.7 GWh (between October
2019 — September 2020), thus its long-term impact on the BTES field should be thoroughly investigated.

Over the whole monitoring period (July 2019 — May 2021), the GSHP was used very intensively and
generated some 91% of total heat supply, while 9% corresponded to district heating. This relation is
even higher (HP 95% / DH 5%) during the first annual period for system evaluation (Oct 2019 — Sep
2020). On the cooling side, around two-thirds of annual cooling demand is generated by free cooling
from the borehole field. During the summer (June, July and August), when cooling demand dominates
the system, cooling load is met mostly by the GSHP, thus an important amount of waste heat on the
condenser side must be dissipated (183 MWh). Measured building energy signature of Aalto New
Campus Complex is shown in Figure 5. In Figure 6 monthly heating and cooling loads over the whole
monitoring period (Jul 2019 — May 2021) are shown.

Table 7. Overall load characteristics, first annual period for system evaluation (Oct 2019 — Sep 2020)

Start of evaluation period Oct 12019
End of evaluation period Sep 30 2020
Building heating load met by system [MWhg] 3242
DHW load met by system [MWh,] -
Heating load generated by GSHP condenser 3253
[MWh]

Heating load met by district heating [MWhy] 171
Dissipated waste heat [MWh] 183
Building cooling load met by system [MWhg] 642
Cooling load generated by GSHP evaporator 2368
[MWh]

Thermal energy extracted from the ground 1993
[MWh]

Thermal energy injected to the ground [MWhix] 267
Thermal balance ratio (extracted/rejected) 7.5
Heating load (incl. DHW) met by heat pump (%) 95%
Cooling load met by ground source (%) 67%

13
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Figure 5. Measured building energy signature of Aalto New Campus Complex, first annual period for

system evalu

ation Oct 2019 — Sep 2020 (upper chart) / whole period Jul 2019 — May 2021 (lower chart).
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Figure 6. Monthly heating and cooling loads over the whole monitoring period (Jul 2019 — May 2021)

Additionally, detailed loads on GSHP evaporator and condenser are shown in the following Figures 7
and 8. The symmetric shape of the charts highlights the energy balance achieved on both sides of the
heat pump (data consistency), a consequence of the applied DVR procedure.
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Figure 7. Monthly loads on HP evaporator over the whole monitoring period (Jul 2019 — May 2021)
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Figure 8. Monthly loads on HP condenser over the whole monitoring period (Jul 2019 — May 2021)

Heating demand dominates GSHP operation some 8 months annually, while in summer (mostly June,
July and August) cooling demand dominates the system and the excess heat on the condenser has to
be dissipated. Overall, GSHP generates 90-95% of total heat input while DH accounts for 5-10%. In
January and February 2021 DH supplied 24% and 29% of total heat demand, respectively, since one
of the HP modules was out of service due to malfunctioning of the frequency controller.

Ground heat exchanger performance

As mentioned previously, Aalto New Campus Complex is a heating dominated system, and most of the
year the BTES field is intensively exploited, extracting heat from the ground in order to meet the
significant heating demand. In this case study, the GSHP-BTES interactions are extremely unbalanced
(see also Figure 9) which is reflected in the annual balance of the first evaluation period (Oct 2019 —
Sep 2020): 1993 MWh heat extraction vs. only 267 MWh heat injection (imbalance ratio 7.5).

The monthly distribution of BTES loads shown in Figure 10 reveals the seasonal pattern — heat is mostly
extracted between October and April/May which correspond to winter operation, while the summer
period is mostly limited to only three months (June, July and August). BTES loads are somehow
correlated to the outdoor temperature, and due to HP max. capacity, limited to around -300/-400
MWh/month heat extraction (in winter). The hourly based BTES peak loads for heat extraction / injection
are -550 kW / 520 kW respectively.
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Figure 11. 1°C binned HP entering fluid temperature. First annual period for system evaluation Oct 2019
— Sep 2020 (upper chart) and comparison with the whole period Jul 2019 — May 2021 (lower chart, in
% of total hours).

As seen from Figure 11 some 90% of the hours of HP EFT is within a narrow range between 3 and 9
°C, especially from 3 to 5 °C, over 60% of the time. It may be normal during the winter period, but in
summer operation, more hours with EFT between 10 and 16 °C are expected since the HP evaporator
works directly against the AHU-cooling exchanger. In Figure 12 is presented the relation between HP
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EFT and ODA showing an approximately positive correlation for ODA above -4°C (EFT increases when
ODA increases). Below -10°C (ODA), the energy system is using HP maximum capacity with variable
supplementary DH, that is why EFT becomes roughly constant.
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Figure 12. 1°C binned HP entering fluid temperatures EFT vs ODA. First annual evaluation period vs.
the whole monitoring period.

Figure 13 shows the effect of heat extraction and injection for different mean fluid temperatures in GHEs
and temperature trend during the measurement period. Mean fluid temperature is calculated by taking
average as a function of depth. DTS measurements provide temperature sequence from both U-tube
pipes; therefore, enabling calculating mean fluid temperature. Another mean fluid temperature is
calculated taking average of entering (inlet) and exiting (outlet) temperatures, which may be more
effected by distortions due to point measurement nature. It can be seen that both averages have
dropped about 0.5 °C from 2019-20 winter to 2020-21 winter. Similar trend can be seen between the
summer 2019 and 2020 when average temperatures dropped almost 1.0 °C. Trend shows rapid drop
in average temperatures in GHEs.

As seen in Figure 14, GHEs are used intensively in heat extraction (blue). Only during summer months
heat is injected for charging (orange). Heat map provides yearly and seasonal variations in GHE
operation. For example, colder fluid has been injected longer periods during 2021 than 2020 due to
yearly differences in winter temperatures. Figure 14 also visualizes that in 2019 heat was injected longer
period than in 2020.
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Figure 13. Mean fluid temperature and mean inlet and outlet fluid temperature calculated from DTS
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Figure 14. Heat map plotted from DTS measurements. Magnitude of mean fluid mean temperature of
the inlet and outlet leg at each depth in depth-time plot.
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Figure 15 shows fluid temperature profiles in GHEs. At times, during heat injection phase there can be
seen a significant temperature short-circuiting interaction between the legs (Fig. 15a) and a rapid
temperature decrease in the topmost part of the borehole; therefore, fluid flow rate may be at times
suboptimal for the efficient heat transfer. However, higher fluid flow prevents short-circuiting effect
between the legs as can be seen in Fig. 15b. During heat extraction phase can be seen more interaction
between inlet leg and the surrounding ground due to geological layers (Fig. 15¢). Topmost geological
layers cause slightly higher gradient for temperature increase and this effect of topmost layers is
stronger when fluid inlet temperature is lower (0 °C) (Fig 15d).
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Figure 15. Temperature profiles during operation a) Suboptimal heat injection b) Optimal heat injection
c) lower fluid temperature change in heat extraction d) higher fluid temperature change in the heat
extraction.

Heat pump performance

Monthly Performance Factors (MPF) with Annex 52 schema for system boundary 2 were calculated
over the whole monitoring period. Heating MPF-H2, cooling MPF-C2, and combined MPF-HC2 factors
are shown in the Figure 16 below, as is the measured COP.

Cooling MPF increase greatly during the winter period (between 50 and 70) due to direct free-cooling
from the ground supplied as space-cooling. However, space-cooling demand in winter is a tiny share
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of annual cooling demand. As expected, winter MPF-H2 is lower than COP since the former accounts
for BTES circulation pumps. The MPF-H2 factor also takes into account the net heating demand, which
in winter is a difference between HP condenser and DH input (there is no dissipation), while COP
calculates the heat pump COP (ratio between condenser output and HP power input). During the
summer months (June, July, and August) MPF-C2 is lower, between 6.2 and 7.3. Heat pump is
intensively utilized to meet almost half of all summer cooling loads, providing active AHU-cooling and
simultaneously enhancing the effect of “free heating” on the condenser side. That is why summer MPF-
H2 factors are higher than HP COP [1].
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Figure 16. Monthly performance factors for system boundary H2/C2/HC2, over the whole monitoring
period. Heat pump measured COP is included as reference.

The overall heat pump COP and PF factors for heating, cooling, and combined (system boundary 2)
are respectively 3.6, 3.4, 10.5, and 3.9 for the entire period (July 2019-May 2021), while the annualized
values over the first evaluation period (October 2019—September 2020) are respectively 3.7, 3.5, 9.3,
and 3.9 (Table 8).

Table 8. HP performance indicators over the first annual evaluation period. *

Start of evaluation period Oct 12019

End of evaluation period Sep 30 2020
cop 3.7 0.4 *
SPFH2 3.5+0.4 *
SPFC2 9.31+0.9*
SPFHC2 3.9+04 *

* heat pump internal electricity use is included.

** standard uncertainty limits +10%
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Overall system performance

It is important to acknowledge that system performance and HP COP depends on both temperatures
on the evaporator side (heat source) and the condenser side (heat sink). Generally speaking, the higher
the evaporator temperatures and the lower the condenser temperatures, the higher the COP and vice
versa (see Figure 17). During the winter period 2019-2020, the GSHP condenser must provide heating
at higher temperatures (average supply/return 42/30 °C) while the intensive heat extraction from the
BTES field provokes a temperature drop in the evaporator (average inlet/outlet 4/1 °C). The calculated
winter COP (orange line) fits well with the measured COP (green line) showing low plateau with
minimum values around 3.5 between November 2019 and March 2020 [1].

The winter 2020-2021 was colder than the previous one and this is reflected in COP drop below 3.4,
due to also higher condenser supply temperature (47 °C), some 5 °C higher than the previous winter.
However, the control (compensation curve) of HP condenser supply temperature should be revised
because it is not energy efficient to have similar temperatures (around 47 °C) in February 2021 (ODA -
7.3 °C) and May (ODA 10.5 °C).

On the other hand, in summer operation, GSHP condenser operates at lower temperatures (average
supply/return 36/29 °C) and the evaporator operates at higher temperatures (average inlet/outlet 10/7
°C). This enhances the calculated summer COP to around 5. However, this theoretical expectation is
not fulfilled by the measured COP (only 3.7, very similar to the average winter COP), presenting a huge
gap between June and September [1].
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Figure 17. Monthly HP COP and evaporator/condenser temperatures, over the whole monitoring period.
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The most relevant parameters of system operation over the first annual evaluation period (Oct 2019 —
Sep 2020) are summarized in the Tables 9 and 10 below.

Table 9. Provided heating and cooling and used electricity (first annual evaluation period).

Start of evaluation period Oct 12019
End of evaluation period Sep 30 2020
Heat output from the ground source, used by heat pump for heating [MWh] 1993
Heat output from the heat pump [MWh] 3253
Heat output from supplementary heating within boundary 2 & 3 (district heating) [MWh] 171
Cooling output from the ground source [MWh] 429
Active cooling provided from the compressor [MWh] 213
Cooling output from supplementary cooling between boundary 2 & 3 (dissipation) [MWh] 183
Electricity used by source side circulation pump in heating mode [MWh] 53
Electricity used by the heat pump compressor, including internal control system and internal 827
circulation pump in heating mode [MWh]

Electricity used by source side circulation pump in cooling mode [MWh] 10
Electricity used by the compressor in cooling mode [MWh] 59

Table 10. Additional performance indicators

Start of evaluation period Oct 12019
End of evaluation period Sep 30 2020
Heating mode ratio of source side pumping 6.6%
electricity to heat pump electricity [%]

Ratio of supplementary heating (district heating) 5.3%
provided to heat pump heating [%]

Mean heat exchange per unit length of heat 12.8
exchanger, heating [W/m]

Mean heat exchange per unit length of heat 5.1

exchanger, cooling [W/m]

The significant gap between the measured COP and expected (calculated) COP in summer operation—
as discussed previously - could probably be provoked by the HP partial load operation. The GSHP
operation is based on cascade launching of HP modules (from 1 to 9 units) and each module can be
additionally adjusted to deliver between 0% and 100% of its nominal capacity. This effect of partial load
operation is studied in the following Figure 18, where 366 daily data points (representing the first
evaluation period between October 2019 and September 2020) are plotted depending on the average
daily percentage of HP operating modules. Data are additionally clustered in three groups: winter
operation (258 days, ODA up to 12—14 °C), summer operation (78 days, ODA over 15 °C), and transition
period (30 days, ODA 12-15 °C) [1].

During the winter period, HP COP steadily decreases as modules operate at higher rates (between 25
and 100%). However, it can be seen that COP is closely correlated with ODA temperature, which is
expected, since COP is lower with colder weather (during the winter days with high heating demand,
EFT is lower and HP supply temperature is higher; thus, COP goes down). In summer, when GSHP
modules work at lower capacities, normally up to 30%, COP sharply decreases, especially for an HP
capacity below 10-15%. Eventually, a maximum COP (plotted as the decile binned COP, brown line)
is achieved between 25% and 50% of HP average capacity, which mostly corresponds to the start/end
period of the heating operation (highlighted in yellow) [1].
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Figure 18. Heat pump’s COP and ODA in partial load operation over the chosen first evaluation year.

Technical data is also available for Danfoss module DHP M XL regarding its capacity output, power
consumption and COP related to the RPM and brine/supply temperatures (shown in the table below).

Table 11. Danfoss module DHP M XL technical specifications.

ey mode)  Supplytemperaturess ROL TREEES

RPM  Brine temperature, °C -5 0 5 -5 0 5 -5 0 5
Heating capacity (kW) 18.53 2236 25.06 17.17 19.88 21.62 17.85 21.12 23.34
1500 Input power (kW) 4.62 4.6 4.46 7.13 7.14 7.16 5.875 5.87 5.81
COoP 4.01 4.86 5.62 241 2.78 3.02 3.04 3.60 4.02
Heating capacity (kW) 39.59 4397 495 3539 39.75 4535 3749 41.86 47.425
3000 Input power (kW) 9.55 9.35 9.36 1339 1344 1354 1147 11395 11.45
copP 4.15 4.70 5.29 2.64 2.96 3.35 3.27 3.67 4.14
Heating capacity (kW) 45.04 52.18 58.5 41.77 47.87 53.86 43.41 50.03 56.18
3600 Input power (kW) 1098 11.09 1095 16.35 16.69 16.08 13.67 13.89 13.52
(0] 4.10 471 5.34 2.55 2.87 3.35 3.18 3.60 4.16
Heating capacity (kW) 62.12 65.85 72.89 52.38 59 67.53 57.25 62.43 70.21
4500 Input power (kW) 15.43 1558 15.71 20.18 20.53 20.71 17.81 18.06 18.21
COoP 4.03 4.23 4.64 2.60 2.87 3.26 3.22 3.46 3.86
Heating capacity (kW) 84.61 87.79 96.03 69.77 7833 883 77.19 83.06 92.17
6000 Input power (kW) 21.64 22.27 21.47 28 27.86 29 24.82  25.07 25.24
COoP 3.91 3.94 4.47 2.49 2.81 3.04 3.11 3.31 3.65
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Module COP
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HP supply temperature of 35 °C is typical for summer operation, however in winter operation all
parameters have been interpolated for supply temperature of 45 °C. The relation between module COP,
its capacity percentage and brine/supply temperatures in summer/winter operation is plotted in the
Figure 19 below (6000 RPM = 100%).
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Figure 19. Module COP vs. capacity percentage for different brine/supply temperatures. Typical
summer operation (left chart, 5/35 °C) and winter operation (right chart, 0/45 °C)

According to the producer’s data, in winter operation, all capacity range presents similar COP (slightly
higher in the middle range 30%-70%), however for typical summer operation (5/35 °C), module COP is
clearly highest between 25% and 60%) with values between 5.3 and 5.6. This is a confirmation that
higher COP over 5 is possible and expected in summer mode if HP modules operate at higher capacity
range, 25% - 60% instead of the currently measured (less than 30%).
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Initial three years of system operation and
BTES model validations

Aalto New Campus Complex started operating during the spring of 2018. Although heating and cooling
demands are available only since July 2019, there are records of BTES circulation pumps activity since
March 2018, BTES flow and return temperatures (sensors TE35/36) and DTS temperatures (since
February 2019). With the available data, it is possible to reconstruct the BTES loads and pumping flow
rates, based on linear regression models [1] and, therefore, fill the gap between the beginning of
operation (March 2018) and October 2019 (when these parameters are measured confidently). .
Monthly BTES loads and pumping flow rates between March 2018 — May 2021 are shown in the Figure
20 below.
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Figure 20. Monthly BTES loads and pumping flow rate (Mar 2018 — May 2021).

The developed BTES model is implemented using the popular open-source simulation tool Pygfunction.
[2] where daily based BTES loads and flow rates are utilized as well as the recently developed
correlations for effective thermal resistance (Rb*) of groundwater-filled boreholes [3]. The results from
the enhanced Pygfunction simulation with daily update of Rb* are presented in Figure 21 and show
very good agreement with the measured mean fluid temperature (taken as overall inlet/outlet average)
of the first 39 months of system operation (March 2018 — May 2021).
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Figure 21. BTES model validation against DTS temperature measurements and TE35/36 sensors.

It is observed that in real operation the effective thermal resistance of groundwater-filled boreholes
(Rb*) can vary significantly, with values much higher than those obtained from the TRT test (close to
0.1 m.K/W). Moreover, daily based values of Rb* between 19" March 2018 and 315 May 2021 are
plotted in Figure 22 against the pumping flow rate showing a clear correlation. It is observed that in 30%
of all days (mostly in summer), the flow regime inside the U-pipe is laminar (Re < 2300), provoking a
steeper exponential increase of daily Rb* up to 0.65 m.K/W. On the other hand, minimum flow rates in
the range 0.25-0.35 I/s can assure a turbulent regime (Re = 2300) and more relaxed change in Rb*.

Since the term gRb* (q is the heat flow rate per meter of borehole, W/m) directly impacts the
temperature difference between the mean fluid and borehole wall, it is important to have lower values
for Rb*, which are clearly achieved in turbulent fluid regime. It is also important to account for Rb*
variability (in groundwater-filled boreholes Rb* mostly depends on the pumping flow rate, but also on
the heat rate and mean fluid temperature) when modeling the BTES field, and it is concluded that the
update of Rb*is crucial for a reliable long-term simulation of groundwater-filled boreholes.
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Figure 22. Effective thermal resistance of groundwater-filled boreholes (19" Mar 2018 — 315t May 2021).

Additionally, BTES model is simulated using COMSOL MultiPhysics software, where monthly BTES
loads and average fluid flow rates are utilized. In this model, thermal resistance value and initial ground
temperature profile obtained from TRT measurements were used. Thermal resistance value is used to
calculate heat transfer coefficients for partial differential equations defined by [4]. Only mean fluid
temperature as a function of depth was compared between the model and DTS measurements.
Simulated mean fluid temperature (taken as fluid overall average as a function of depth) is shown in
Figure 23 and it shows also very good agreement with DTS measurements during the first years of
operation.
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LESSONS LEARNT

Generally speaking, a “performance gap” of the energy system of Aalto New Campus Complex is
acknowledged, meaning substantial differences between design building performance and real
operation.

The specifically developed DVR methodology [1] is considered essential for tackling the existing
uncertainty related to all thermal energy meters, difficult to evaluate since they have not been calibrated,
not even properly commissioned yet. The proposed data management methodology can potentially be
applied in similar complex GSHP-BTES systems, simultaneously providing heating and cooling and
utilizing various combinations of heat sources and sinks.

During the initial period for system evaluation (Oct 2019-Sep 2020), the corresponding values for HP
COP, heating PF (H2), cooling PF (C2), and combined PF (HC2) are 3.7, 3.5, 9.3, and 3.9, respectively.
It is important to highlight the significant annual net heat extraction from the ground (1.7 GWh/a) and
the excessive BTES imbalance ratio (7.5). This initial period is also analyzed in terms of GSHP
efficiency, i.e., COP dependence on EFT, ODA, and partial load operation.

A HP underperformance during the summer is found, related to lower measured HP COP, much lower
than the calculated Lorentz/Carnot COPs, especially exacerbated in HP partial load operation (capacity
below 25%).

Design lessons learnt

It is acknowledged, that unfortunately, the conducted building simulations in the design stage did not
fully succeed in predicting correctly the annual heating and cooling demand. This has resulted in more
intense heat extraction from the BTES as was simulated, which would potentially lead to BTES
overcooling in the long-term, as proven by several long-term simulations applying the BTES loads
obtained with the developed DVR methodology.

In this respect, a possible improvement would be to enable the recovery of the dissipation waste heat,
e.g. reinjecting it into the BTES field during the summer season, which could mitigate the annual
excessive heat extraction. Certain system limitations have also been detected for handling and
enhancing the AHU free-cooling in summer operation, in practice creating a free-cooling bottleneck and
limiting the utilization of the BTES resource up to around 11 °C fluid temperature.

Circulating pumps and operating faults

In winter operation, the GSHP must meet the significant heating demand and BTES circulating pumps
operate at higher flow rate (0.4-0.6 I/s per borehole). However, in summer the BTES field provides only
space-cooling (while AHU-cooling is dominant and mostly met by the GSHP evaporator). That is why,
during 30% of all days (mostly in summer), it is observed a suboptimal operation of the BTES circulating
pumps with flow rates below 0.25-0.35 I/s per borehole which is the minimum flow for turbulent regime
within the U-pipe. This, in turn, degrades the efficiency of the borehole heat exchanger and increases
the effective thermal resistance Rb* In DTS measurements suboptimal fluid flow can be seen as
increased thermal short-circuiting between the legs.
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Improvement measures

The heat pump EFT is concentrated in a narrow range (3-9 °C) some 90% of the hours annually, and
there are very few hours when this temperature surpasses 10 °C. Normally, there are 3 months of
summer operation, and at least during this period HP’s EFT to the evaporator should be in the range
10-18 °C since in summer the GSHP operates directly against AHU-cooling exchanger. This measure
would potentially increase HP’s efficiency (COP) and decrease both compressor’s electricity
consumption and dissipation rate in summer operation.

GSHP underperformance, especially in summer operation, is also acknowledged and the main reason
seems to be the HP partial load operation. It would be important to improve the control strategy of each
HP module increasing the capacity factor (optimal range between 25% and 60%). Additionally, the
compensation curve of HP condenser supply vs. ODA temperature should be revised.

Finally, the BTES pumping flow rate should be controlled not only to meet the demand (heating demand
in winter and space-cooling in summer), but also to guarantee the efficient heat transfer of the borehole
exchanger. Minimum flow rate control strategy should be implemented in order to assure turbulent
regime within the U-pipe, especially in summer operation, when most of the days the circulation pumps
operate sub-optimally.

Future work

This monitoring study has introduced several observations on the performance of the GSHP-BTES
system and empowered suggestions for improving its operation. These have been gratefully adopted
by Aalto University Campus Real Estates (ACRE) to support their decision-making process.

Despite the important work done so far, there is still uncertainty regarding the operation of all energy
meters, since they have not been calibrated / commissioned yet. Accurate calibration and uncertainty
analysis would be fundamental tasks to accomplish in the near future. Additionally, long-term monitoring
DTS data is not yet well studied topic. In future, DTS measurements together with the other monitored
data is used to understand better heat transfer in GHEs and improve the use of BTES system.

Once established a reliable input of all measured data, another important topic to be developed is the
evaluation of the long-term impact of GSHP-BTES operation in order to assure system’s sustainability
and efficiency.
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