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Abstract

Within the heat pump sector, there are applications where photovoltaic/thermal (PVT) collectors can offer
greater value with lower investment costs than the current alternatives. The first is ground source heat pumps
(GSHP) with under dimensioned boreholes. The second is a solar source heat pump (SSHP) where the PVT
collectors are a replacement for the traditional air heat exchanger in an air source heat pump (ASHP). Complete
systems models for a multi-family house are simulated in TRNSY'S to determine seasonal performance factors
(SPF), which are then compared technically and economically to each respective alternative. A 156 m? PVT
array is capable of improving the SPF of a degraded GSHP by 30%, the same gains as drilling additional
boreholes but at a lower cost. The SSHP with a 235 m? PVT array can reach an SPF of 2.6, comparable to the
performance of an ASHP, but has the cost of a GSHP. Already today, PVT can economically compete with
borehole drilling for GSHP and the SSHP concept shows enough market potential to warrant investment and
development towards broader adoption.
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1. Introduction

Relative to solar thermal (ST) and photovoltaics (PV), the market penetration of PV/thermal (PVT) hybrid
collectors has been extremely limited (Weiss and Spork-Dur, 2019). Recent cost reductions in photovoltaic
(PV) modules have made PVT collectors more interesting economically, particularly when combined with heat
pumps in a series configuration (Sommerfeldt and Madani, 2016). Previous studies have found that the primary
benefit of adding PVT collectors to ground source heat pumps (GSHP) in a series/regenerative configuration
has been the reduction of required borehole length (Bertram et al., 2012; Emmi et al., 2015; Eslami-nejad et
al., 2009). While savings can be made on the borehole drilling, the high cost of the PVT systems currently
make PV-only systems more economically interesting for new installations (Sommerfeldt and Madani, 2019).
However, with strategies for reduced collector costs due to standardization and scaling (Thar et al., 2018) and
the projected growth of the European heat pump market (EHPA, 2019), unglazed PVT can find interesting
market opportunities.

One such possibility is the future GSHP retrofit market. After 20 years of heat extraction, the temperature in
ground heat exchangers (GHE) is reduced, which is typically designed into the original system. However,
when it is time to replace the heat pump with a new, more efficient unit, the higher efficiency combined with
the already degraded boreholes means the GHE will be undersized. The traditional solution would be to
increase the size of the GHE, assuming the necessary land area is available and the owner is accepting of
damage to their garden. PVT offers an alternative that could be cost effective, reduces impact on the property,
and increases renewable energy utilization in the building. Markets with a longer history of GSHP installation,
like Austria, Sweden, and Switzerland, are starting to grapple with the retrofit issue, and the increased
installations of GSHP in the 2010’s means that many other European countries will come to the same
challenges in 10-15 years (EHPA, 2019).

Another potential application are solar sourced heat pumps (SSHP) as a replacement for air source heat pumps
(ASHP). ASHP are far more common than GSHP due to their lower costs and ease of installation, however
the need for a noisy heat exchanger on the building’s exterior is a drawback. PVT could replace this heat
exchanger and provide energy to the heat pump from both the sun and air. A recent study demonstrated the
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potential for insulated PVT collectors to meet winter loads at -10 °C, concluding that the system concept
showed promise but should use uninsulated collectors to improve heat transfer between the air and working
fluid (Schmidt et al., 2018). A further improvement could be forced convection on the rear side of the PVT so
long as the fan speeds are not so high that they produce the same noise problems as ASHP. The resulting
system could be a more aesthetically attractive and quieter alternative to ASHP, which has a much larger
market potential than GSHP and would help build the scale PVT needs to achieve the necessary cost reductions.

2. Objective and Methodology

This is a market feasibility study with the aim of identifying low-barrier entry points for PVT collectors as an
integral part of heat pump systems. This is achieved by benchmarking technical performance with traditional
solutions and comparing the initial investment costs. Two applications are investigated; PVT in support of
older GSHPs with degraded boreholes and PVT in a SSHP configuration. Focus is on the Nordic market, which
has the highest per capita rate of heat pump installations in Europe (EHPA, 2019), with climate and economic
boundary conditions from Stockholm, Sweden.

For the GSHP renovation test, the borehole length is reduced by 60% from a standard design and simulated
for 10 years, resulting in the reduced ground temperatures and high backup heater use typical of older heat
pumps. At this point, PVT arrays or additional boreholes are added and the simulation continued for another
10 years. For the SSHP test, the same variable speed heat pump model is used but with a bypass around the
boreholes. Modifications to the PVT collector are tested towards the goal of increasing heat transfer with the
air, such as increasing surface area of the heat exchanger and introducing forced convection. Simulation of the
fans is done by increasing the convection coefficient on the rear side of the PVT in conjunction with multiple
fan speeds and air velocities.

The technical performance for both tests are demonstrated with seasonal performance factor (SPFa.), given by
Equation 1 and includes: total space heat (Qsn) and domestic hot water (Qanw) demand of the building,
electricity supply to the compressor (Enp), and parasitic loads [circulations pumps for source (Epsc) and sink
(Epsni) loops, supporting heater for the heat pump (Ews) and the hot water tank (Ep dnw), the PVT circulation
pump (Ep,pv), and the PVT fans (Espw)].

Qsn + Qanw
Ehp + Ep,src + Ep,snk + Ebb + Eb,dhw + Ep,pvt + Ef,pvt (eq' 1)

SPF4+ =

3. Model Description

The exploratory nature of this study drives an approach that is adopted from previous work, requiring minimal
model development while meeting the objectives. Simulations are performed with a full solar heat pump model
in TRNSYS17 (Klein et al., 2009), shown in Fig. 1, which includes a multi-zone building, ground source heat
pump, boreholes, and PVT collectors integrated in series. A full description of the TRNSYS model and
economic assumptions can be found in (Sommerfeldt and Madani, 2019) and is therefore only briefly described
here with a focus on modifications specific to the study. It is worth noting however that all costs are reported
without VAT or local subsidies, and that prices are taken from the 2019 Swedish market and converted into
Euros with a 10:1 ratio.

3.1 System Model

The target building is a typical multi-family house located in Stockholm, requiring 125 kWh m-2 yr? of space
heating and 38 kWh m2 yr! of domestic hot water. The high level of space heating is common among buildings
from the 1980’s and earlier without energy efficiency retrofits. The same 88 kW, variable speed, brine-to-
water heat pump is applied in both cases. The maximum PVT array size is 144 collectors, equaling 235 m? and
40 kW, and are connected in series via a plate heat exchanger as shown in Fig. 1. The borehole circuit includes
a bypass valve where the boreholes can be removed from the circuit. The bypass is only used for isolating the
PVT to create a SSHP configuration, as is not part of a control strategy with GSHP.



N. Sommerfeldt / EuroSun2020 / ISES Conference Proceedings (2020)

- v

Wcz_ilhcr
s, @ .

HeatDist <<
MFH USER

ElecLoad

/’\‘\‘
-.-(ﬂ( ‘s ¢

# SNK-Div

qbars

PVT-Pump

v ‘j PVI-HEX """I:E B L ——
- o
K$) ~ HeatPump K:)t
RERRER k SNKMix B
R S 0 i
3 - BH-BP1 > ——— \
— Tank1 Tank2 )
s . L
s BHMod v* @"’_’_ a3
3 e A { DHW-Mix DHW-Plot
- - B, > A
BH-Cap ¥ & - / USER
e LB o DHW-Tmpr

% . - DHW-Dmd
Boreholes

3

Fig. 1: TRNSYS model representing the GSHP and SSHP systems

3.2 Borehole Fields

Type 5574, based on the Duct Storage Model (Hellstrém, 1989), is used to model the borehole field with fluid
capacity and residency modeled using a modified version of the method proposed by Périsch et al. (2015). The
model assumes equidistant spacing between boreholes (triangular pattern) inside of a cylindrical volume. This
approach makes parametric studies inside TRNSYS convenient and has been shown to perform well against
g-function based models with rectangular drilling patterns (Fossa and Minchio, 2013; Spitler et al., 2009).

The baseline borehole field is sized using a modified ASHRAE approach (Rolando et al., 2015) and has a total
length of 3600 m (12 boreholes, 300 m deep, 20 m spacing). The reduced field removes seven of the 12 holes
for a total length of 1500 m, but maintains the 300 m depth and 20 m spacing.

In cases where additional boreholes are drilled, the reduced field is simulated for 10 years. The next 10-year
simulation is prepared with the full 12 boreholes, but is precooled until the average soil temperature at the
center of the soil volume matches the final temperature from the first 10 years. The main limitation to this
approach is the inability to control the undisturbed ground temperature in the soil volume that contains new
boreholes. A temperature gradient does exist in the precooled soil volume, however it is unknown to what
degree this would match a real world temperatures of soil around an existing borehole field. Given the scope
is limited to economic feasibility, the uncertainty in soil temperatures is assumed to be within acceptable limits.

3.3 PVT Collectors

The PVT collectors are simulated using Type 560, a theoretical model allowing customized geometry and
external convection coefficient. The baseline design is based on a tested and validated prototype fin-and-tube
PVT collector (Sommerfeldt and Ollas, 2017). This model is applied to the GSHP and SSHP systems, but the
SSHP application also makes three modifications aimed at increasing heat exchange with the air:

1. Increasing the tube count to represent a wetted-absorber design.
2. Increasing the external convection coefficient to represent forced convection with fans.
3. Increasing the internal convection coefficient to represent changes to heat exchanger geometry.

A wetted absorber design increases the heat exchange area of the collector fluid with the PV cells and air. Type
560 is based on the Hottel and Whillier model (Duffie and Beckman, 2013; Hottel and Whillier, 1955)
derivation of solar collector performance, meaning that it is limited to fin-and-tube designs. To model a wetted
absorber, it is possible to use many small tubes such that the fins become almost non-existent, which produces
comparable results to a 1D model (Pressiani et al., 2016). With 240 tubes at 0.002 m diameter, the cross-
sectional area of the tubes remains similar to the current design. The fins also become 0.002 m thereby
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representing a 50% wetted absorber. Since an actual collector design has not be realized yet, this is assumed
to be a reasonable design assumption given that there are box-channel designs currently on the market with
greater contact areas between the fluid and the absorber.

There has been extensive work reviewing convection coefficients related to wind, and Sartori (2006)
summarized the models most relevant to solar collectors, i.e. forced air flow across flat surfaces. The
conclusions produced three equations considering wind velocity and swept length for laminar, mixed, and
turbulent flows. This study assumes turbulent flow for the backside of the collector, and is determined with
Equation 2. Equivalent air speeds of 6 and 12 m/s are tested with a PVT collector length of 1.6 m,
corresponding to convection coefficients of 21.9 and 38.1 W m2 K1, The forced convection is only applied
when the heat pump is operating. When not applied, natural convection with a coefficient of 6.0 W m? K is
assumed.

hc = 5.75y08]-02 (eq. 2)

4. Results and Discussion

4.1 Drilling and PVT

Figure 2 shows the development of SPF, in the GSHP over the 20-year simulation. The baseline system has a
20-year average SPF4. of 3.3, which is expected for an older building with high power and heating supply
temperatures. The reduced boreholes require considerable backup heater use, resulting in an SPF4. that starts
at 2.9 in year one and falls to 2.3 in year 10 as the surround soil cools. When the PVT array is added, backup
heater use is reduced and within four years, the boreholes reach steady state. Three array sizes are tested, 48,
96 and 144 PVT collectors, with steady state SPF4. of 2.8, 2.9 and 2.9, respectively. Drilling 2100 m of
additional borehole in year 10 has a similar resulting SPF4. of 2.9. This result suggests that from a technical
perspective, PVT collectors could provide a similar benefit to an undersized GHE as additional drilling.

Baseline

Reduced BH

Red. 48 PVT
Red. 96 PVT

Red. 144 PVT
1234567 8 91011121314151617181920 ____. Red. Drilling

Years after GSHP installation

Fig. 2: SPF, of the degraded GSHP with PVT added in Year 10

A regression model of borehole costs derived from a survey of Swedish drillers suggests that the cost of drilling
a new borehole field can be estimated at 20 € m* of total length (Mazzotti et al., 2018) with an additional 10
€ m* for piping materials and commissioning. Therefore, the additional 2100 m of borehole in this system
would cost €63k, assuming there are no additional costs associated with expanding the existing system. By
comparison, the 48, 96, and 144 PVT collector systems would cost approximately €40k, €70k, and €100k,
respectively. This is particularly noteworthy given that a 96-collector system can deliver nearly identical
technical performance as the drilling for only 10% higher cost. It then has the additional benefits of not
disturbing the land with drilling equipment, stabilizing borehole temperatures from further degradation, and
generating renewable electricity worth approximately €15k over its 30-year lifetime.

Given that the Swedish market conditions can be characterized by low drilling and electricity prices, these
results can be interpreted as somewhat conservative. For example, drilling prices up to 100 € m* have been
applied to other European markets (Helpin et al., 2011), which makes PVT a far better economic choice. Higher
electricity prices and generally stronger solar resources will also lead to a higher value of PV generation,
further improving the economic conditions.
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4.2 SSHP
The SSHP system uses 144 PVT collectors considering four designs;

e Baseline: the original PVT collector design with six runners without forced convection
e Abs: the modified PVT design with wetted absorber, without forced convection

e Low: the modified PVT design with 6 m/s forced convection

e High: the modified PVT design with 12 m/s forced convection

The results in Figure 3 show that the design changes dramatically improve SPF4+ up to 2.6. The largest
improvements however come from the heat exchanger modification and the introduction of forced convection,
whereas increasing fan speeds have diminishing returns. These results are comparable to other indirect SSHP
studies in cold climates, suggesting the system is operating correctly (Chu and Cruickshank, 2014).

High [ — 2

Low 2.4
Modified 2.0
Current NN
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. 3: SPF,, of the SSHP with multiple PVT designs

The improvements in SPF are primarily due to the reduced reliance on direct electric backup heaters, a function
of the increased power and energy supplied by the PVT. Figure 4 shows the specific annual thermal energy
captured from the PVT array for each design. The baseline system already has relatively high thermal
production from the PVT collectors at 485 kWh m yr* due to the low operating temperatures. Production
increases by 40% with the heat exchanger modification, and a further 23% with low fan speeds. Here also it
can be seen that increasing fan speed has marginal benefits for energy capture, however it could be more
critical for peak power.
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Fig. 4: Specific thermal production (kWh m? yr) of the multiple PVT designs in an SSHP system

SPF values between 1.5 — 3.0 are common for air-to-water heat pumps in a Nordic climate, suggesting a SSHP
could be a competitive alternative (Stignor and Walfridson, 2019). The market price for a newly installed
ASHP are generally 1150 €/kW (Swedish Refrigeration and Heat Pump Association, 2018) and PV for
residential buildings 1300 €/kW (Lindahl et al., 2019), meaning a comparable solution using traditional ASHP
would cost approximately €153k. The marginal cost for a PVT system (on top of PV-only) is approximately
€60k, making the total cost similar to a GSHP rather than ASHP (Swedish Refrigeration and Heat Pump
Association, 2018).

Although not directly comparable on cost with ASHP, PVT provides the potential benefit of little to no fan
noise like a GSHP. The main limitation is the low SPF, however it is challenging to say exactly how air or
solar sourced heat pumps would perform in an older multifamily house since there are very few examples.
There are even modern GSHP installations in Sweden with an SPF4. of 2.7 (Gervind et al., 2016), suggesting
that the low values could be a function of high temperature radiators rather than the concept as a whole.

A notable omission from the SSHP results are defrosting losses, which can be as much as 10% in ASHP
(Stignor and Walfridson, 2019). Initial experimental results suggest that a PVT sourced system would require
much less defrosting due to the solar radiation and if there were no forced convection (Schmidt et al., 2018).
Quantification of annual performance and defrosting behavior is certainly needed in future analysis.
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5. Conclusions and Future Work

Two applications for PVT integration with heat pumps have been described that have similar or lower
investment costs than comparable alternatives while providing additional non-economic value. For GSHP,
PVT offers a lower cost alternative to drilling additional boreholes in existing systems, which is likely to be a
growing challenge as GSHP markets mature. The target buildings should be those with older heat pumps that
are nearing replacement with a more efficient unit, or poorly designed systems that are relying too much on
the direct electric backup heater. SSHP may be able to eliminate loud heat exchangers, but they do so at GSHP
prices and ASHP performance. SSHP could be viable for customers willing to pay for the increased comfort
and technological novelty, however these would likely be traditional “early adopters.” More development work
is needed to reduce PVT costs if they are to be directly cost competitive with ASHP.

Several companies in Sweden have started to install PVT collectors on degraded boreholes, and while the
systems are monitored there lacks enough data to do a full borehole or systems model validation. The difficulty
of modeling a complex thermal gradient in a systems tool like TRNSYS means that either more complex
modeling and/or improved quality and quantity of monitored systems is needed to validate the preliminary
findings here.

As demonstrated with previous studies (Herrando et al., 2019), the increase in PVT heat exchanger area will
increase heat transfer rates, suggesting a wetted absorber designs (such as the flax box) should be pursued over
additional fin-and-tube development. The addition of forced convection to PVT collectors also shows potential
in increasing heat capture from the air in SSHP systems. The target characteristics used here can be guidelines
for future design work, however much more detailed modeling is necessary. At the systems level, additional
work is needed in the characterization of SSHP systems, for example empirical SPF values, control
optimization, and defrosting losses. Since much of the potential for cost reductions rely on high-volume
manufacturing processes, feasibility studies in additional climates and markets are also needed to quantify the
broader market potential for PVT heat pumps at a European or global level and critical for scalability.
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