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Summary
Cold Season greenhouses maintained at warm temperatures generally consume large quantities of
heating fuel, but also often require ventilation on sunnier days to release excess solar heat. We explored
the use of some current air-to-water heat pump technology and thermal energy storage to capture and
store excess solar heat for use at night to reduce fuel consumption. Extensive measurements of the
system performance were taken, and energy flows were characterized in detail. Predictive computer
simulations were developed and used to analyze the results, and show that the system studied reduced
the oil consumption of a warm greenhouse in New Hampshire by nearly 45% during February through
April. Actual performance was compared with and found to be consistent with simulation predictions
based on Typical Meteorological Year data, and predictions of best possible results in all months and for
a range of thermal storage capacities are provided. We find that, if the redelivery of heat is
accomplished in a passive, low energy manner such as bed heating, this approach should be an effective
means to significantly reduce heating fuel consumption in cold season greenhouses, especially during
the sunnier shoulder seasons.
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Introduction
Greenhouses are very effective collectors of solar energy, and often collect far more energy
than they need during the day, but are not very efficient at storing solar energy for night time
use. On cold sunny days some excess solar heat will be absorbed into the thermal mass within
and below a greenhouse, and this energy diffuses back into the greenhouse after sunset and
thus offsets some heating fuel use, but the majority of solar heat is typically vented away and
wasted. Our goal is to avoid that waste.
Heat pumps are devices which can be used to transfer thermal energy back and forth between
cooler and warmer environments to accomplish tasks such as heating and/or cooling a building,
heating water, crop drying, etc. Heat pump types broadly divide up into air source heat pumps
(ASHPs) and ground source heat pumps (GSHPs – also called “geothermal heat pumps”), which
can either draw or exhaust heat to the ambient atmosphere or the ground, respectively. ASHPs
further divide into air-to-air systems, which produce either hot or cool air as an output, or airto-water systems, which produce either hot or cool water as an output.
Up until a few years ago, ASHPs were quite inefficient if the temperature difference between
the source air and output air or water was large, and so ASHPs were largely limited to warmer
climates, at least for heating applications. Heat pump manufacturers though have recently
begun introducing much more efficient heat pumps with variable speed and also scroll type
compressors, and ASHPs are now challenging GSHPs, at least for heating super-efficient
buildings in cold climates (Konrad, 2014). ASHPs have become commonplace in net-zero energy
construction projects (Rosenbaum, 2014). Interest by growers in the use of heat pumps in
general has been noted recently (Brumfield, 2010), and will likely increase as the efficiencies of
heat pumps increase further.
The fact remains though that ASHPs are still significantly less efficient than GSHPs for heating
applications in cold climates, due to the fundamental thermodynamic advantage that GSHPs
have because they transfer energy across a smaller temperature difference. The key measure of
performance of a heat pump for heating applications is the Coefficient of Performance (COP),
which is defined the unit-less ratio of thermal energy delivered to electrical energy consumed,
where both quantities must have the same units:
COP =

Thermal Energy Delivered
Electrical Energy Consumed

In home heating applications, the seasonally averaged COP of a GSHP can exceed 4 compared
with a little greater than 2 for an ASHP in a cold climate.
GSHPs, however, are generally much more expensive to install, because the heat collection
system usually requires the burial of pipes underground, or well drilling. Thus, while it might be
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still be quite economical for a year-round grower to utilize an GSHP over the long run (and this
is something we certainly don’t want to discourage), it is of interest to explore whether there
are still less costly approaches, especially where providing heat just during the “shoulder
seasons” is concerned, and in which case it would be harder to justify the installation cost of
geothermal system.
Given the very large thermal energy demands of a typical cold season greenhouse and the only
moderately good COPs achievable at this time with an ASHP in a cold climate, the use of an
ASHP to heat a greenhouse by transferring thermal energy directly from the ambient air is not a
very attractive option, at least at this time.
Our approach is instead to use an air-to-water ASHP inside a greenhouse to capture excess solar
heat. This is based on our expectation that an ASHP operating in a relatively warm greenhouse
environment as a means to capture excess solar heat should operate roughly at the same or
greater COPs than a GSHP, which draw heat from the relatively cooler ground. Broadly speaking,
our approach can be viewed as being closely related to, or a new example of “solar assisted
heat pumps”, which utilize solar hot water collectors coupled with ASHPs, and which companies
have recently begun installing in Europe and elsewhere (Staffell et. al, 2012).
Despite the reasonableness of the idea that an ASHP should function as an efficient means to
capture excess solar heat in a greenhouse because greenhouses are relatively warm, there are
still many outstanding questions which our work attempts to answer. These include: How much
excess solar energy is really available, and it is enough to justify such an approach? How
effectively and how efficiently can current ASHPs actually capture the excess solar heat,
especially given the rapidly varying temperatures and relatively short time window during
which excess solar heat is available in a greenhouse? How much heating fuel can actually be
offset? What are the implications of this (low ventilation) approach for the growing
environment? How well can the performance of such a system be predicted, and how will the
performance typically vary year to year? What specific features will the ASHPs need? How
much thermal energy storage is needed? What kind of control systems are needed? How can
this approach be optimized and/or improved?

Materials and Methods
We operated two identical 34’ x 60’ floriculture greenhouses from November 2013 through
April 2014, located at the University of New Hampshire’s Woodman Horticultural Research
Farm in Durham, NH. The greenhouses had identical double layer inflated poly coverings, and
were operated nearly identically with temperature set-points between 55-60oF at night and 6570oF during the day. The orientation of the greenhouses were such that the long axes were
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rotated roughly 63o clockwise from East-West, that is, a nearly north-south orientation, which
we note is not an ideal orientation for wintertime solar energy capture.
One greenhouse was heated only with a standard 150,000 BTU/h hot-air oil-fueled furnace. The
other had an identical furnace for back-up heat, but was also outfitted with two Daikin brand
air-to-water ASHPs, model # EBLQ054BA6VJU (Fig. 1). These units had nominal rated heating
and cooling capacities of 54,600 Btu/h and 57,100 Btu/h, respectively, with heating and cooling
electrical input power ratings of 3.93 kW and 6.43 kW, respectively.
We chose these units in part because they are claimed to have a high coefficient of
performance (COP) which the manufacturer attributes to the unit’s “integrated frequency
converter” that “adjusts the rotational speed of the compressor to suit the heating (cooling)
demand” such that “the system seldom operates at full capacity and maximizes efficiency by
controlling the compressor rpm.” (Daikin Whitepaper, 2014).
The two heat pumps were piped in parallel with an external heat exchanger, located just above
the heat pumps, which enabled transfer of heat to and from a roughly 1900 gallon, insulated
hot water tank, which was located just to the northwest of the greenhouse (Fig. 2).

Fig. 1. Installation of the two heat pumps (left-rear) and the oil furnace (right-rear).
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Fig. 2. Thermal Storage System: An insulated hot water tank to the northwest of the greenhouse with
ASHPs (left), and the heat exchanger apparatus, sans insulation. (right).
We configured these units such that during the day, if the greenhouse temperature exceeded a setpoint just a few degrees above the furnace set-point, the heat pumps would activate in cooling mode to
remove thermal energy from the greenhouse and store this energy in the hot water tank. We observed
that, fortunately, the units would ramp up their capacity gradually as the temperature rose, and so
always avoided immediately driving the Greenhouse temperature back down below the furnace setpoint and causing inappropriate cycling of the equipment.
The heat pumps were also configured to cease storing energy if and when the storage temperature
approached 118oF. The heat pumps were configured to switch to heating mode late in the day when the
greenhouse temperature fell below their set-point and “redeliver” the stored thermal energy back into
the greenhouse until the storage temperature decreased to 65oF, so as to maintain the greenhouse
temperature at the heat pump set-point until the storage was depleted. The back-up furnace was
configured to run either when the heat pumps were redelivering heat, because the heat pumps alone
would not necessarily keep up with demand during colder months, and to run if the storage was
exhausted and the temperature fell below a separate and slightly lower furnace set-point.
The greenhouses were also outfitted with the air circulation fans, which besides helping to maintain
good growing conditions also ensured that the thermal energy transfer between the greenhouse and
the storage tank via the heat pumps would not be unduly inhibited by thermal gradients in the air. Two
students (mentioned in the acknowledgements) verified that the temperature levels in the greenhouses
exhibited little or no temperature stratification due to these fans regardless of what heating equipment
was running, a fact which we believe also greatly facilitated our ability to model the greenhouses
accurately with a single differential equation for the space-averaged temperature of the greenhouse.
To better study the performance of the overall system, we strove to characterize all the energy flows in
the greenhouses in some detail. To provide adequate data, we outfitted each greenhouse with
temperature and relative humidity sensors, BTU meters on the input and outputs of the heat exchanger,
electric consumption sensors on the heat pumps, temperature probes at the top and bottom of the
thermal storage tank, and voltage probes on the furnace and exhaust fans. We also installed photodiode
7

sensors to measure ambient solar intensity and the solar intensity inside the greenhouses, and sensors
to measure ambient temperature, relative humidity, and wind speed.
To analyze the results we created two predictive computer simulations. These models were
programmed in Matlab, a powerful and easy to use computational platform. The first program, called
the Detailed Temperature Model (DTM), was calibrated with an optimization routine to reproduce the
detailed temperature dynamics of the greenhouse and the thermal storage along with all the associated
fuel/electricity consumption and energy flows. This model solved the differential equations governing
the space-averaged temperature of the greenhouse, the mean temperature of the storage, and a
horizontally averaged vertical ground temperature profile below the greenhouse, and with a time-step
of 12 seconds.
The second model, called the Net Energy Model (NEM), was developed to provide a simpler and quicker
tool to predict the potential performance of this kind heat pump system, by keeping track of only the
net energy balance of the greenhouse over 5 minute time intervals. This program did not assume any
specific information about the heat pump or heating system in general, and is useful for both crosschecking the predictions of the DTM and comparing those results with predictions obtained with other
weather data sets. It also enables the user to more quickly evaluate different greenhouse designs and
orientations, obtain design heat loads, and determine appropriate amounts of storage.
In both simulations the geometry and orientation of the greenhouse was taken into account explicitly
with respect to how solar energy is absorbed. This included incorporating the angle at which both the
Direct Normal Insolation (DNI) and diffuse insolation, as determined from Diffuse Horizontal Insolation
(DHI) levels, impinge on each part of the greenhouse. Specifically, the covering of the greenhouse was
approximated into many small horizontal “slices”, and the insolation was calculated based on the
orientation and area of each slice and summed up (Fig. 3).
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Fig. 3. The approximation of the greenhouse into horizontal slices, and the formula for the calculation of
the total insolation based on the orientation and angle of each slice, the transmittance coefficients of
the covering, and the relative position of the sun.
Because we did not measure either DNI or DHI directly, but rather just Global Horizontal Insolation (GHI),
we developed a method to approximate the DNI and DHI levels from GHI data together with knowledge
of the sun’s position (a method which we may report the details of elsewhere).
In our initial modeling attempts, we noticed that the simulation would not accurately reproduce the
measured behavior of the greenhouse unless we assumed a strong roll-off of the transmittance of the
poly covering with increasing angle of incidence of sunlight, well beyond the attenuation that comes
from just the geometrical reduction in effective collector area due to increasing angle of incidence.
Because we lacked published data on the transmittance of poly as a function of angle, we constructed a
special measurement apparatus to help confirm the presence of this optical behavior of the poly (which
may also report the details of elsewhere). We found that the roll-off of transmittance for DNI sunlight
was approximately equal to the following function, which we therefore used in the simulations:
𝜏(𝜃) = .6 cos 𝜃
9

From this function we also calculated that the transmittance of diffuse sunlight into the greenhouse,
averaged over all directions, was roughly 𝜏𝐷𝐻𝐼 = .4. About half of this attenuation is due to the
coefficient of .6 in the transmittance expression above, and the other half due to the cosine factor.
The DTM model also required creating some kind of mathematical model for the heat rates of the heat
pumps. To construct this, the actual heat rates of the heat pumps were first calculated from the rates of
change of the storage temperature, and separately from the BTU meter data. It was then verified that
these yielded consistent heat rate estimates. The COPs of the heat pumps as a function of the difference
between the greenhouse and storage temperature were then calculated from the heat rate and
electrical consumption data, and a linear approximation for the COP curve using a least squares fit was
developed. This was then used in the DTM to predict electrical consumption of the heat pumps.
For modeling of the heat rate of the pumps in the DTM, we found that for the cooling (storage) mode of
the pumps, a simple formula by which the heat rate of the heat pump ramps up linearly with the
temperature difference between the greenhouse and the heat pump set-point reproduced the actual
heat pump heat rate very accurately. For the heat rate in heating (redelivery) mode, it was found that a
constant heat rate of the heat pump was sufficient for modeling purposes.
After all of these elements were incorporated in the DTM, we ran this model in an optimization mode
which determined the best values for several key parameters (given below) which were a priori
unknown. The mode accomplished this making sets of random guesses for the unknown parameters and
retaining those that best minimized an error function. An error function we found worked well was the
overall sum of several error functions that measured a) the differences between simulated and actual
values of the greenhouse temperature, b) the amount of oil consumed, and c) the heat rates of the heat
pumps.
Specifically, we found that the DTM was able to reproduce the measured behavior of the greenhouse
with the heat pumps surprisingly accurately over a full three months with a single “effective” R-value for
the covering of 1.83, a furnace efficiency of .80, both found with the optimization routine described
above. The effective R-value can be thought of as representing the combined values of the actual Rvalue of the covering and an average air change rate (the individual values of which could not be
determined from our data directly).
Finally, we emphasize that in the results shown below that there was no “daily syncing” in the
simulation for quantities in such as storage and greenhouse temperatures, cumulative energy stored
and delivered, etc. The only artificial aspect of the DTM simulation was the suppressing of the furnace
operation during April, for reasons described below.

Results
We now describe results for February through April, 2014, during which period we obtained our most
complete data set, and prior to which initial adjustments on the heat pump system had been completed
such that the system was stable and unchanged during this period. We also present predictions for a full
year below.
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Fig. 4 shows actual and simulated results for a typical cold but sunny winter day, specifically February
7th. The greenhouse temperature, storage temperature, heat pump heat rates, and heat pump COPs
are graphed. The latter two quantities are plotted with respect to the greenhouse interior, that is, as
negative values when the heat pumps are withdrawing heat in storage mode, positive while in
redelivery mode. It can be seen that the storage temperature smoothly ramps up while the heat pumps
are in storage mode (negative heat rate), and then back down while the heat pumps are in redelivery
mode (positive heat rate). Overall, the model predictions agree quite well with the actual data, and it
can be seen that even a small fluctuation in temperature due to some passing clouds around 12:30 pm is
reproduced fairly well by the DTM model. (We note that the simulated data is smoother due to the way
equations are solved.)
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Fig 4. Actual and simulated day for a typical cold sunny day (February 7th, 2014).
In Fig 4(a), note how in the early evening (hours 16-20) the greenhouse temperature initially remained
at a slightly elevated temperature of about 65oF while the heat pumps are in redelivery mode, that is,
while the storage still has energy and its temperature is still decreasing, and how the temperature then
decreased to around 57oF after the storage was exhausted. The furnace also ran during both of these
periods, but data for that (not shown) shows that it ran significantly less (turning on and off more often)
while the heat pumps were still redelivering heat.
In Fig 4(b) it can be seen that, aside from being offset by a degree or two, the rise and fall of the thermal
storage temperature, and hence the amount of energy stored and redelivered, was reproduced
extremely accurately by the DTM. This was in terms of both the amounts and rates of rise and fall. This
strong agreement is possible because the thermal storage process effectively averages (integrates) over
small and rapidly fluctuating differences between the actual and simulated temperatures and heat rates.
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The fact that we actually achieved good agreement though, and in all the key energy data, suggests we
have captured energy flows well with the model.
It can also been seen in Fig 4(d), during hours 16-20, the COPs of the heat pumps trend downward. This
is as we expect because this is when the heat pumps are in redelivery mode, during which the heat
pumps are working with the temperature gradient between the storage and greenhouse, and because
that gradient is decreasing during this period.
Likewise, it can also be seen explicitly that during hours 10-16, while the heat pumps are in storage
mode, the COPs of the heat pumps (especially the simulated COPs) generally trend to smaller
magnitudes, which is also expected because here the heat pumps are working against the temperature
gradient, and the temperature gradient here is increasing. In this case though the picture for the actual
COP data though is also complicated by ramping effects that apparently decreased the COPs of the heat
pumps at the beginning and end of this period, and also during the cloudy events around 12:30 pm.
Nonetheless, the simulated COPs do a fairly good job of averaging over these ramping fluctuations,
which means these complications should only slightly effect electricity consumption predictions.
Fig. 5 shows a comparison of the actual and simulated storage temps for the full period of February
through April, which show strong agreement throughout. A gradual trend toward increasing storage
temperatures and frequency of rises can be seen clearly, due to the increasing ambient temperature
and hours of sunlight. It can be seen that by April the heat pumps were often contributing heat all the
way through the night. We note that they were also not able to absorb as much on some mornings
because the storage temperature was starting well above the minimum temperature.
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Fig 5. Thermal storage temperatures, actual and simulated.
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Fig. 6a and 6b show the actual and simulated cumulative amounts of energy stored and energy
redelivered, respectively, as calculated from the heat pump heat flows. Except for some gradual drifting
over time, these curves track very closely, and suggest that the DTM is consistently reproducing the
energetics of the heat pumps accurately over the entire period.
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Fig 6: Cumulative amounts of a) energy stored by the heat pumps, b) energy redelivered by the heat
pumps, actual and simulated.
Overall, the high fidelity with which the storage temperature dynamics over the full three months was
reproduced by the DTM, along with the good agreement between actual and simulated values of the
heat pumps rates (Fig 4(c)) and the temperatures, gives us confidence that we are both measuring and
modeling all of the various and important energy flows in the system quite accurately.
Fig. 7 shows a summary of the total amounts of thermal energy required by the furnace, as estimated by
the DTM, and the total amounts stored and redelivered for the entire months of February and March,
both actual and simulated, as calculated from the cumulative amounts shown in Fig. 6. Note that the
redelivered energy was just slightly less than the stored energy, which shows that the losses through the
insulation of the storage tank were minimal. This data also shows that nearly half of the backup heating
load was offset by the heat pumps.
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Fig 7. Total amounts of heat provided by the furnace, as estimated from by the DTM, and the total
energy stored/redelivered by the heat pumps, both actual and simulated.
Fig. 8 shows oil consumption of the greenhouses vs. time. It is seen that the greenhouse with the heat
pumps indeed consumed substantially less oil. The DTM estimate for oil consumption for this
greenhouse is also shown, and is seen to be in very strong agreement with the actual with all except
that last data point for the actual oil use in that greenhouse. This is due to the fact that we artificially
suppressed the operation of the furnace in the DTM during April because the actual furnace was only
running very occasionally, and it was difficult to get the DTM to faithfully resolve this very occasional
“knife-edge” sort of operation. Moreover, the actual furnace should ideally have not even run during
most of the period at all, and was only doing so because we lacked a sufficiently sophisticated control
system.
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Fig 8 Actual cumulative oil consumption by the greenhouses, and simulated consumption by the
greenhouse with the heat pumps.
Fig. 9 shows the actual and estimated electrical energy use for the months of February through April.
The small discrepancies here are reasonable and due to the variations in the actual COPs of the heat
pumps due to ramping, as was seen in Fig 4(d) and discussed above.
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Fig 9: Electricity consumption data, actual and simulated.
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Fig. 10 shows the actual and estimated oil use and oil savings (in gallons), and estimated net cost savings
for the months of February through April, as estimated by subtracting off the cost of the electricity for
just storing (but not redelivering) the heat. The redelivery stage is not counted because we believe we
can avoid most of this cost in the future by redelivering the heat passively. The close agreement
between the actual and modeled results reflects both the use of the optimization function in setting the
model parameters and the way these figures were calculated (see next paragraph). The results suggest
that a net savings of a little over $900 was achieved (neglecting the redelivery cost).
These figures bear some detailed explanation for those interested in the details, as their calculation is
somewhat complicated: First, the actual total gallons of oil used (374 gal) was measured directly from a
consumption meter on the furnace, while the “actual” cost of that oil was obtained by multiplying the
actual gallons times an assumed oil cost of $4/gallon for purposes of comparison. Secondly, the
modeled total gallons of oil used was estimated from the thermal output of the furnace as estimated by
the DTM for February and March, which was converted to gallons using an estimated heat content of
139,000 btus/gallon. The actual oil consumption of the actual furnace for April was added on to this, for
purposes of comparison (recall that the furnace operation was suppressed in the DTM during April). The
modeled total oil cost was then obtained by again assuming an oil cost of $4/gallon. Third, the “actual”
gallons of oil saved (300 gals) was estimated from the heat redelivered by the actual heat pump system
as calculated from decreases in the thermal storage temperature during the evenings, and converted to
gallons using an estimated heat content of 139,000 btus/gallon, and this was converted to dollars
($1200) assuming $4/gallon. The “actual net savings” in oil were then estimated from this by subtracting
the estimated cost of the just the electricity used for storage, as calculated from the actual electricity
use during storage periods, and assuming an electricity cost of $.13/kWh. Finally, the modeled savings in
gallons of oil was estimated by the redelivered heat in the model converted to gallons using an
estimated heat content of 139,000 btus/gal. This was then converted to dollars ($1200) assuming
$4/gallon. The net savings were then calculated from this by subtracting off the model’s estimate for
electricity used for storage times an electricity cost of $.13/kWh.
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Fig 10: Oil consumption and cost, and estimated oil savings and net savings.
Fig 11. shows the actual “instantaneous COPs” we measured for the heat pumps, which were obtained
by dividing the amounts of energy either stored or redelivered by the heat pumps over five minute
periods divided by the amount of electrical energy they consumed in the same period. Also shown are
the least squares fit to the instantaneous COPs that we obtained from this data and used to model the
heat pumps with. The COP curves we obtained (via some extrapolation) from the manufacturer’s ratings
for the heat pumps are also shown.
It is seen that the instantaneous COPs for the heat pumps in storage mode mostly fall on a very
discernable line that is very parallel to and lower by a little over 1 than the manufacturer’s ratings, while
the COPs for redelivery mode roughly fall on or even exceed the manufacturer’s ratings at times.
Whether the differences here are due to a systematic measurement error of the relatively rapid ramping
of the heat pumps or some other reason is not clear, but in any case the data appears to confirm that
the heat pumps are operating quite close to their official ratings much of the time, such that decreases
due to ramping only depress the average COPs somewhat: The average COP for the storage mode was
about 4.8, and for redelivery mode about 3.9.
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Fig 11: The actual instantaneous COPs for the heat pumps, along with linear fit curves and COP curves
obtained from the manufacturer’s ratings.
We now present results comparing our data with “TMY3” or “Typical Meteorological Year” data, as
provided by the Department of Energy. The purpose of this is to provide a statistical context to our
results. Fig 12 shows the average temperatures for Durham NH from Dec ’13 through Apr ’14 as
obtained from our measurements, compared with TMY3 data for the same months for Concord, NH,
which is relatively close to Durham. It can be seen that the average temperatures are quite similar, and
that Durham was actually slightly colder than normal in March and April, which supports the idea that
our results are generally representative and not for an unusually warm period.

18

50
Durham
TMY3
45

40

35

Degrees oF

30

25

20

15

10

5

0

Dec

Jan

Feb

Mar

Apr

Fig 12: Average temperatures for Durham NH from Dec ’13 through Apr ’14, and TMY3 data for the
same months for Concord, NH.
Fig 13 shows the Global Horizontal Insolation (GHI) data for Durham NH from Dec ’13 through Apr ’14 as
obtained from our measurements, compared with TMY3 data for the same months for Concord, NH. It
can be seen that the insolation values are quite similar, and that Durham had slightly less sun in March
and April than average, and only slightly more in April, which also supports the idea that our results are
generally representative and not for an unusually sunny period.
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Fig 13: Global Horizontal Insolation (GHI) data for Durham NH from Dec ’13 through Apr ’14 and for
TMY3 data for the same months for Concord, NH.
To obtain a better statistical understanding of our results, we drove the NEMs model with both the
Concord TMY3 data and also our Durham data, with the same greenhouse parameters, and then
calculated “theoretical maximum monthly solar fractions”, that is, the percentage of the back-up
heating load that can theoretically be met each month with stored and redelivered solar energy.
Fig 14 shows that the maximum monthly solar fraction estimates from both models agree very well for
February and April, and that the fraction for the Durham data is somewhat lower in March. The weather
data above suggests that this is due to the fact that March was both colder and less sunnier than the
TMY3 data in March.
Fig 14 also shows that the actual and DTM simulated solar fractions for Durham, and shows that these
agree quite well, and also that they are somewhat less than the theoretical maximum monthly solar
fractions in February and March, as one might expect. (They all equal 100% in April). We wondered in
any case what the principle cause of the shortfall in February and March, and so we generated the
“missed solar fractions” that are also shown in Fig 14. These were calculated by tracking the
temperature overshoots during the day that exceed the heat pump set-points, and then computing the
total incremental heat losses that these overshoots should incur each month and then estimating the
reduction in solar fraction this causes by dividing these by the monthly backup heat loads. It can be seen
in Fig 14 that during February and March the missed solar fraction estimates are indeed very close to
the difference between the actual/simulated and theoretical maximum solar fractions, and so we
conclude that the overshooting in temperature is in fact the cause of the reduction.
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Fig 14: Maximum solar fraction estimates from the NEMs model, and actual solar fractions and missed
solar fractions.
We conclude from the above that the NEM model, driven with TMY3 data, is a valid means to estimate
the theoretical maximum solar fractions. We therefore ran this model for the entire year, and with
variable amounts of storage capacity, leading to the annual predictions shown in Fig 15. This graph
enables us to see that, for the greenhouse design, location, and orientation tested here, most of the
heating fuel reductions could likely be obtained with only 1000 gallons of storage, but that upwards of
2000 gallons is needed to achieve the best possible results. It also shows that results similar to but
slightly better than February through April should be obtainable in September through November.
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Fig 15: Theoretical maximum solar fractions from the NEMs model for a storage temperature swing of
52.4oF and variable amounts of storage.

Fig 16 shows the monthly amounts of back-up heat and excess solar energy as calculated by the NEM
model using TMY3 data for Concord, NH, and our greenhouse parameters. Here it can be seen that the
crossover point occurs around March, which is consistent with the solar fraction results above.
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Monthly GH Energy Summary (Full Year). GH Back-Up Heat Total: 1990 Th, GH Excess Solar Heat Total: 4192 Th.
GH Back-up Heat Needed
GH Excess Solar Energy
800

700

Therms

600

500

400

300

200

100

0

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

Fig 16: Monthly back-up heat load and excess solar energy as calculated by the NEM model.
Fig 17 shows the number of gallons of oil that the NEM model predicts can be saved each month, as a
function of storage capacity. This is seen to peak in March, which is reasonable since March is still
moderately cold, but also sunny.
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Fig 17: Monthly estimated oil savings.
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Finally, Fig 18 provides the estimated solar fraction for the entire year as a function of storage capacity,
as estimated by the NEM model.

60

Annual Solar Fraction (%)

50

40

30

20

10

0

0

500

1000

1500

2000

2500

3000

Storage Capacity (Gallons)

Fig 18: Estimated annual solar fraction.

Discussion
We have shown in detail to what extent an air source heat pump can be used to significantly reduce fuel
consumption in a cold season greenhouses by storing and redelivering excess solar heat. It is of key
interest to see how much this system could be improved by using a more passive means, such as bed
heating, to redeliver the stored heat. Suppose for the moment that this is not done. What is the overall
COP for such a system? It was seen above that the average COP for the storage mode was about 4.8,
and for redelivery mode about 3.9. The overall COP of the system is not the average of these two figures,
but is instead must be calculated as follows:
𝐶𝑂𝑃𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =

𝐻𝑒𝑎𝑡 𝑅𝑒𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑
𝑇𝑜𝑡𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

=

𝑄𝑟𝑒𝑑𝑒𝑙
𝐸𝑠𝑡𝑜𝑟𝑒 + 𝐸𝑟𝑒𝑑𝑒𝑙

Because the storage tank is very well insulated, we can also say that the redelivered heat is
approximately equal to the stored heat, so we have that:
𝐶𝑂𝑃𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝐸

𝑄𝑟𝑒𝑑𝑒𝑙

𝑠𝑡𝑜𝑟𝑒 +𝐸𝑟𝑒𝑑𝑒𝑙

=

1
𝐸𝑠𝑡𝑜𝑟𝑒 𝐸𝑟𝑒𝑑𝑒𝑙
+
𝑄𝑟𝑒𝑑𝑒𝑙 𝑄𝑟𝑒𝑑𝑒𝑙

= 𝐸𝑠𝑡𝑜𝑟𝑒

1
𝐸
+ 𝑟𝑒𝑑𝑒𝑙

𝑄𝑠𝑡𝑜𝑟𝑒 𝑄𝑟𝑒𝑑𝑒𝑙

=

1
1

+

1

𝐶𝑂𝑃𝑠𝑡𝑜𝑟𝑒 𝐶𝑂𝑃𝑟𝑒𝑑𝑒𝑙

=

1
1
1
+
4.8 3.9

= 2.15

This overall COP is roughly what can be obtained with air source heat pump drawing energy from the
ambient air, and is not very good.
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But fortunately it is should be possible to redeliver the stored energy in the tank without using the heat
pumps, that is, via a bed heating system or other radiant system. This should increase the overall COP to
upwards of 4.8, which would be very good. A major focus of the next phase of our project will be to
achieve this improvement.
We also note that the nearly north-south orientation was not optimal for solar heating during winter
months, and neither was the double poly covering, as we discovered. We therefore plan to use our
simulation programs, which are now validated with real data, to explore better possible greenhouse
orientations and designs.
To improve the accuracy and comprehensiveness of our analysis of this heating approach, we also plan
to measure carbon dioxide levels, ground temperatures over a range of depths, and both global and
diffuse horizontal insolation (and from this infer the exact direct normal insolation completely as well).
We also plan to implement an integrated controller that will hopefully better optimize the operation of
the system. Finally, we plan to explore possibilities of obtaining the back-up heat from biomass and/or
other sources, and the possibility of obtaining all of the heat from the heat pump, possibly by diverting
ambient air through the system at certain times.
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