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ABSTRACT

Detailed TRNSYS simulations are used to validate
and optimize the design of a hybrid ground-coupled
heating plant including solar thermal collectors in
three buildings (187 housing units total). The HVAC
system design is constrained by several factors,
including pre-existing equipment and funding
opportunities for particular options. The TRNSYS
simulation uses building loads that were calculated in
an earlier stage of the design process with DOE-2. In
order to use realistic temperature levels, a global heat
exchange coefficient for radiators and floor heating
is estimated. The long-term system performance is
analyzed for the selected design, which does not
follow conventional design rules. The system
provides 33% of the total heating load from
renewable energy on a yearly basis (average
performance over 20 years of operation).

INTRODUCTION

The Benny Farm redevelopment project (CLC, 2006)
aims at providing about 530 affordable housing units
to the Notre-Dame-de-Grace community in Montréal.
Within the context of this ambitious redevelopment,
the "Green Energy Benny Farm" project aims at the
sustainable construction and renovation of 187 units
in three buildings that share a green infrastructure.
The HVAC system was part of an integrated design
process that aimed at reducing greenhouse gas
emissions, potable water use, the production of waste
water, and the production of solid waste through
retrofitting, reuse and waste diversion. Design
options were constrained by several factors including
pre-existing equipment and funding opportunities for
particular options. Furthermore, the financial benefits
from energy savings of the project will go to a non-
profit, community-run utility company that will be
able to re-invest them in new phases of the project.
That management structure had an impact on the
design itself, as will be shown in this paper.

Background

Hybrid geothermal heat pump systems were
originally developed to reduce first cost and heat
buildup in cooling-dominated buildings. Both the

design (Kavanaugh, 1998) and the operation
(Yavutzurk and Spitler, 2000) of these systems have
been addressed in the scientific literature.

More recently, the idea of hybrid systems has been
applied to heating-dominated buildings. The idea is
to use solar thermal collectors to reduce or
completely remove the annual imbalance in ground
loads.

Chiasson and Yavuzturk (2003) show that hybrid
solar geothermal heat pump systems are a valid
choice for heating-dominated buildings. Their
simulation study shows it is possible to obtain a
borehole length reduction ranging from 4.5 to 7.7 m
per m” of solar collectors. Hybrid systems are found
to be economically viable at drilling cost exceeding a
range of $20 to $32 per m, depending on building
load and geographical location. The economic
analysis uses a favorable cost of $125/m’ for solar
thermal collectors.

The concept of hybrid solar geothermal heat pump is
applied to a school building in (Chiasson et al.,
2004). The solar collector array is designed to keep
the annual minimum peak entering fluid temperature
of the heat pumps at a constant level (0°C) over the
years. The use of solar collectors results in a
reduction of the ground loop heat exchanger size by
34 %.

Bakker et al. (2005) study the application of
combined photovoltaic/thermal panels in a hybrid
geothermal system for a Dutch reference dwelling.
They show that a roof-sized (25 m?®) PV/thermal can
provide 96% of the electricity use and almost fully
compensate the thermal imbalance (the solar heat
input to the ground is 83% of the load removed by
the heat pump).

The selected design in this project is different from
the usual approach in that the solar thermal system is
sized to provide a significant contribution to
domestic hot water but not to compensate the annual
imbalance in the ground loads. The average
temperature in the ground will decrease over the
years due to the imbalance, and this effect is fully
assessed as part of the design process.
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BUILDINGS AND HEATING LOADS

A site plan is provided in Figure 1. The plan shows
the three buildings. Building 1 has 91 new units with
radiant floor heating, while Buildings 2 and 3 have
about 20 new units with radiant floor heating and 30
renovated units with existing radiators. The Figure
also shows the available space for the bore field,
which is identified with a light green background.
The rest of the space is not available for various
technical and non-technical reasons, e.g. ownership,
conflict with rainwater recuperation system or
existing trees, and reserved area for possible project
extensions. The 24 geothermal wells in the final
design are also shown in the Figure (black dots).

Figure 1: Site plan

Heating loads were calculated by the engineering
team in an earlier phase of the project, using DOE-2
(Winkelmann et al., 1993). Buildings 2 and 3 are
almost identical and their heating loads were
assumed to be the same. Table 1 presents the
building loads and maximum demand as calculated
in DOE-2. The Domestic Hot Water (DHW) load is
calculated according to "good practice" design rules
and represents a large share of the total heating load.
One advantage of the proposed design is that solar
heat can be redirected to the ground in case the DHW
load is lower than expected during sunny days.

Table 1: Building heating loads

Bld1 Bld2 Bld3 Total

Space Heating

Yearly load [MWh] 415 215 215 845
Peak demand [kW] 235 195 195 610

Domestic Hot Water

Yearly load [MWh] 210 180 180 570

Peak demand [kW] 55 45 45 150
Total Heating Load

Yearly load [MWh] 625 395 395 1415

Peak demand [kW] 260 220 220 700
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HEATING SYSTEM

The heating system (see Figure 2) consists of:

e Ground-Coupled liquid to liquid Heat Pumps
(GCHP, ©) that provide the base space heating
load and optionally part of the Domestic Hot
Water (DHW) load. Heat pumps draw heat from
a geothermal heat exchanger made of several
boreholes with U pipes (@).

e Space heating is provided through floor heating
only in Bld 1 and floor heating + radiators in Bld
2 and BId 3 (®). The domestic hot water tank
(@) is pre-heated by solar collectors (@) or heat
pumps. The solar collectors can also reject heat
into the ground when the domestic hot water
load is met.

e QGas boilers (@) provide additional heat to match
the peak demand and to reach the required
setpoint for the supply temperature, and they
also complement the heat pumps or solar system
for Domestic Hot Water.

Note that all the options have been represented in
Figure 2 in order to save space, but not all
connections are actually available in each individual
building. Different local conditions (e.g. technical
issues with placing collectors on Building 3) and
economical analysis taking into account the different
subsidies available resulted in the selection of the
following designs:

e Bld I and 2: Solar collectors are used to pre-heat
DHW. Heat pumps provide space heating only

e BId 3: No solar system is installed. Heat pumps
are used to provide space heating and DHW.

: ®

®
@

Figure 2: Heating system schematics
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RETURN TEMPERATURES

One problem that occurs when using pre-calculated
heating loads to design a heating system is that the
temperature levels are not known. While
conventional gas or electric heating systems are
relatively  insensitive to supply and return
temperatures, the performance of heat pumps and
solar collectors can be significantly affected by those
variables. Developing a new TRNSYS model for the
three buildings was out of the scope of this project,
so a simplified method was used to estimate the
supply and return temperatures corresponding to the
space heating loads. First, it is assumed that the space
heating supply temperature is set by a heating curve:

T, =a-bT,, 1)

The a and b coefficients are different for floor
heating and for radiators. Their values were selected
in order to satisfy the space heating load given the
floor heating area available and the installed
radiators. Once the supply temperature is known, the
flowrate and return temperatures can be calculated by
solving the following nonlinear equations for the
supply and return temperatures (QSpH and T,,,, are
known):

QSpH = m Cp (Tsu - Tre ) = Qemitter (2)

For radiators, the usual power emission equation is
used (n is taken as 1.3):

. . AT,
Qemitler = Qemitter,d
ATlog,d
3
For floor heating, the heat emission is calculated as:
Qemitter = (hconv + hrad ) (Tsurf - Troom ) (4)

where

h = 2 1 1 (T urf,d _Troom,d )0.31

conv s

hrad = 4 G ((Tsurf,d +Tr00m,d )/2)3 (6)

and the resistance between water and floor surface is
taken from design conditions.

(Gliick, 1997) (5)

Results

The results of the supply and return temperatures
estimation are shown in Figure 3 for the parts of Bld
2 and BIld 3 that are heated with radiators, which
often require a supply temperature that is
significantly higher than the upper operation limit for
heat pumps (49 °C here). The situation is different in
Bld 1: the whole building is equipped with floor
heating and the supply temperature stays below 49
°C at all times.
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Figure 3: Radiators temperatures and flowrate,
Bld 2 and Bld 3

TRNSYS SIMULATIONS

Models from the Standard TRNSYS library (SEL,
2005) and from the TESS libraries (TESS, 2005)
were used for all components but the heat pumps. A
special model was developed for the heat pumps in
order to integrate the multi-stage controller to the
performance model and to cope with the distinctive
features of the selected machines (each building is
equipped with a dual-compressor 30-ton machine
and a dual-compressor 10-ton machine, thereby
providing 8 power levels).

Ground heat exchanger model

The ground storage volume is modeled with
"TRNSYS Type 557" (TESS, 2005) which
implements a model developed at the University of
Lund (Hellstrom, 1989). The temperature in the
ground is calculated from three parts; a global
temperature, a local solution, and a steady-flux
solution. The global and local problems are solved
with the use of an explicit finite difference method.
The steady flux solution is obtained analytically. The
temperature is then calculated using superposition
methods. The main limitation of the model is that is
assumes a uniform distribution of the boreholes
within a cylindrical storage volume. Figure 1 shows
that the configuration in this project is different, with
boreholes laid out in a series of linear arrangements
around the buildings. This problem is addressed later
in the paper.

Ground thermal conductivity

The ground conductivity is a key parameter in
geothermal heat pump applications. A good estimate
of the ground properties can be obtained from
thermal response tests. A 140-m test borehole was
drilled and fitted with a U-tube in the configuration
that will be implemented for all wells. The drilling
report indicates that shale was found after a 20-m
layer of till. A thermal response test was performed
by a contractor. In such tests, a constant heating rate
is applied to the fluid pumped through the loop, and
the inlet and outlet temperatures are recorded. The
simplest method to analyze the results is to apply the
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line source theory, which predicts that the average

temperature of the loop has a linear trend when

plotted versus the logarithm of time. The ground

conductivity can be calculated as (Gehlin, 1998):
Q

=< 7
47L slope 2

g
Unfortunately, the results of the test were not
satisfactory, and the site conditions and project
timing did not allow for an extra test under improved
supervision. The test data are presented in Figure 5.
The measured data are very noisy and three strongly
disturbed episodes can be seen in temperatures, even
though the recorded heating power only shows small
variations. Figure 4 shows that recorded data are not
suitable to perform a linear regression. Selecting
different data sets leads to an estimated conductivity
between 2 and 108 W/m-K.
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Figure 4: Attempts to perform a linear regression
on the thermal response test data

The TRNSYS model was used to obtain a better
estimate of the ground thermal conductivity through
parameter identification. For that purpose, a simple
simulation was set-up to reproduce the test
conditions. All the geometrical information for the
borehole, fluid properties and weather parameters
were fixed and 3 parameters were identified:

e The ground conductivity k,
e The ground thermal diffusivity a.,

e The ground initial temperature T,;, — Average
of the whole ground storage volume as defined
by the TRNSYS model (Hellstrom, 1989)

GenOpt (Wetter, 2004) was used to perform the
parameter estimation using a least square error cost
function. Dubious data points were assigned a weight
of zero in the cost function.

Figure 5 shows the results obtained with the
optimum parameters. While it was not possible to
find a perfect fit, the simulation taking the variations
of heat injection rate into account allow to obtain
reasonable estimates for the ground properties. The
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results are listed here under (properties for dry shale
are listed for comparison):

e k,=1.7W/m-K (dry shale: 1.0 - 2.1)
e «,=0.08 m?/day (dry shale: 0.055 —0.074)
o Tg,ini =9.5°C
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Figure 5: simulation of the thermal response test

It should be noted that the estimated average
temperature of the ground storage volume is much
higher than the average air temperature at the
location, which is 6.2 °C for Montréal-Trudeau
airport and 7.4 °C for Montréal-center (Environment
Canada, 2006). Some design programs such as
GS2000 (NrCan, 1998) use a ground temperature of
6.4 °C but many designers prefer to use a
temperature of 9 °C, which is the value generally
accepted for groundwater temperature in the
Montréal region (Boulin, 1980).

Ground heat exchanger configuration

The borehole field consists of 24 wells (8 per
building). Their layout is shown in Figure 1. The
borehole depth is 200 m in the selected design. In the
TRNSYS model, boreholes are assumed to be
distributed in a cylindrical storage volume of ground.
This is different from the linear layout that has been
selected. In order to estimate the influence of the
layout, simulations were performed using different
spacing values (actual spacing and larger values). An
"effective”" spacing was selected based on the results
of GeoEase (Bernier, 2001). GeoEase models linear
(or rectangular) borehole layouts with simplified
assumptions on loads and heat pump performance.
GeoEase offers the additional advantage of allowing
quick comparisons between design variants.

SOLAR THERMAL COLLECTORS

For better visual integration, the azimuth of solar
collectors was restricted to 35° East from South on
building 1 and 28° West from South on buildings 2
and 3. The status of the project (Parts of Bld 2 and 3
are occupied) and technical limitations of roof
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installation on existing lightweight structures led to
remove solar collectors from the design in
Building 3. The tilt angle is 45° (equal to the
latitude). Simulations have shown that no benefit was
obtained by tilting the collectors more to increase the
solar input in winter, which can be explained by the
relatively low solar fraction.

Three types of collectors were compared: two flat-
plate collectors and one model using the evacuated
tube technology. The first question from project
managers was to compare the collectors on a fair
basis. Each manufacturer provided test reports from
certified institutions but the three reports were based
on different testing methods and were not directly
comparable. The efficiency curves of the three
collectors were converted to the EN-12975-2
conventions, where the efficiency is based on the
aperture area and expressed in terms of collector
mean temperature (see Duffie and Beckman, 1991,
for differences between European and American
standards and the method to convert efficiency
parameters). These performance data were then used
in the TRNSYS simulation.

The results are shown in Figure 6. It can be seen that
the relative performance of different collectors
depends very much on their operating conditions
(translated into (T,,-T,)/G). The operation conditions
change with the ambient conditions and with system
conditions (temperature of the DHW tank,
temperature of the ground), which change with time.
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Figure 6: Collector thermal efficiency

Simulation results show that with the selected design,
1 m® (aperture area) of flat-plate solar collector is
roughly equivalent to 0.75 m’® (aperture area) of
evacuated tube collectors. It should be stressed that
this ratio is application-dependent and that evacuated
tube collectors typically have a much larger (gross
area / aperture area) ratio than flat-plate collectors.
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SIMULATION RESULTS

Design summary

e Building 1: Solar collectors provide heat to
DHW, excess sent to the ground. Installed
collector area = 150 m” (Evacuated tube). Heat
pumps for space heating only (not DHW), boiler
backup for space heating and DHW.

e Building 2: Solar collectors provide heat to
DHW, excess sent to the ground. Installed
collector area = 75 m’ (Evacuated tube). Heat
pumps for space heating only (not DHW), boiler
backup for space heating and DHW.

e Building 3: No solar collectors. Heat pumps
provide space heating and DHW (boiler backup
for both).

Note that space cooling was not considered in the
simulations, even though it may be available at a
later stage in one of the buildings.

Global system performance

Figure 7 shows an example of daily energy transfer
simulated with TRNSYS (values are stacked in the
graph). The heat pumps cover most of the load, with
the boilers only acting to heat up domestic hot water
above the heat pump setpoint and to cover the peak
loads (the installed heat pump capacity is about
100kW thermal output, which is 2400 kWh/day).
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Figure 7: Daily contributions to heating load, 1*
year of operation — Bld 1 (stacked values)

The solar input to DHW has a marked seasonal
profile, as expected. It can be seen that the solar
fraction is very high in summer. The yearly solar
fraction is discussed later in the paper.

In all simulations, a lower limit (-3°C) is set on the
ground storage outlet temperature in order to prevent
ground freezing. The limit frequently prevents heat
pumps to operate at full power after a few years,
when the ground temperature has decreased. This can
be seen by comparing Figure 8 with Figure 7: during
the 10™ year of operation, the heat pumps are limited
to 1500 kWh/day for most of the heating season,
while they often provide more than 2000 kWh/day
during the first year of operation.
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year of operation — Bld 1 (stacked values)

Long-term performance

Figure 9 shows the change in average ground
temperature over 20 years of operation for the three
buildings. Note that the ground volume used to
define the average temperature is arbitrary — while
the simulated average temperature can give an
indication about ground freezing issues, it is mostly
useful for comparisons between designs. The
building operation removes about 140 MWh per year
from the ground (average on 20 years) for Bld 1 and
Bld 3, and about 70 MWh/year for Bld 2. The drop
in ground temperature is not linear because the
amount of heat removed from the ground decreases
over the years: heat pumps are limited in temperature
range and their COP decreases for lower ground
temperatures, and gains from the surrounding ground
take more importance as the storage volume cools
down.

-
o

Avg Ground Temperature [°C]

Time [years]

Figure 9: avg. ground temperature over 20 years

The influence of the ground load imbalance on heat
pump operation is important: for Bld 1, the
percentage of the total load met by heat pumps drops
from 50 % during the first year to 37 % during the
20" year. The main reason for this behavior is the
lower limit on entering fluid temperature described
here above: when the inlet water temperature on the
source side drops below -3°C, the heat pump power
is reduced (through staging of the individual
compressors) until the temperature recovers or the
heat pump is stopped. Figure 10 shows the reduction
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in the heat pumps contribution to the heating load
over the years.
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Figure 10: Solar, heat pumps and boiler

contributions to heating load — Bld 1

Another way of looking at the system operation is to
sum the auxiliary energy that is used (see Figure 11).
Electricity and gas are simply expressed in MWh and
summed in this simple analysis — this is often done in
the Québec context, where 95 % of the power
generation is from hydroelectricity.
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Figure 11: Energy use (electricity + gas) — Bld 1

Between the first and the 20" year of operation, the
total energy use increases from 305 to 370 MWh,
because the share of the heating load that is provided
by heat pumps (with a COP higher than 2.5)
decreases. Note that the yearly heating load is 625
MWh, hence a reference system using boilers only
(with the same efficiency) would use about 700
MWh per year.

PERFORMANCE SUMMARY

Table 2 presents the main performance indicators for
the selected design (8 200-m wells per building,
evacuated tube collectors with an aperture area of
150 m?, 75 m” and 0 m’ respectively for Buildings 1,
2 and 3). All numbers are averaged over the first 20
years of operation and expressed on a yearly basis.
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Table 2: Yearly system performance — Average
over 20 years of operation

Bld1 Bld2 Bld3 Total

Heating loads (space heating + DHW)

Heating load [MWh] 625 395 395 1415
Solar to DHW [MWh] 125 65 0 190
HP to load [MWh] 235 110 230 575
Boiler to load [MWh] 270 220 165 655
Load % from HP 38% 28% 59% 41%
Load % fromsolar ©  20% 17% 0% 13%
Load % from boiler 43% 55% 41% 46%
System performance — Energy use
Heat Pump COP [-] 2.85 245 235 255
HP Electricity [MWh] 85 45 100 230
Gas [MWh] @ 300 245 180 725
Total [MWh] 385 290 280 955
Renewable % © 39% 27% 29%  33%
Solar system performance
Solar to ground [MWh] 3 1 0 4
Coll. yield [kWh/m?] 835 885 0 8507
Coll. efficiency [%] 58% 61% - 5%
Solar % (DHW only) 57%  36% 0% 33%
Ground storage
Av. ground T° [°C] ¥ 47 71 51 -

) Direct solar to DHW only

@ Boiler efficiency = 0.9

® Renewable energy fraction = 1 — (Energy use / Load). Note that
this includes energy extracted from the ground.

@ Average over the 20" year only — this is the T° of a reference
ground volume and should be used for comparison only.

Figure 12 shows how building loads are matched by
the heat pump output, the solar heat to DHW and the
boiler output. The boiler fraction is 40% for Bld 1
and Bld 3 but goes up to 50% for Bld 2 because heat
pumps are not used for domestic hot water and the
solar system is sized to provide a modest solar
fraction. Both Bld 2 and Bld 3 are also affected by

higher supply temperature requirements for
retrofitted radiators.
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Figure 12: Building loads and net energy delivery
from heat pumps, solar and boilers
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Figure 13 shows the building loads and energy
consumption (gas and electricity) that is required to
match them. The total energy consumption is smaller
than the load thanks to the solar input and to the heat
pump COP which is higher than one. The renewable
energy fraction, defined as the energy that does not
have to be provided by electricity or gas, ranges from
27% to 39%.

700+ ——-—————————————— - Il Domestic Hot Water

Il Space Heating
Boiler gas

I Heat pump electricity

Loads - Energy use [MWh/year]

Bld 1 Bld 2

Bld 3

Figure 13: Heating loads and energy consumption

DISCUSSION AND CONCLUSIONS

The main factors in selecting the number of
boreholes and their layout were cost, space and
expandability. The small number of boreholes led to
a required depth (200 m) that goes beyond the usual
value in Canada (less than 150 m). Even with very
deep wells, the exchanger is undersized compared to
the design load, which leads to a decrease in
performance over the years. This was acceptable in
this project because one key aspect of the project
management is that the HVAC plant will be operated
by a non-profit, community-run utility company that
will receive the financial benefits from energy
savings compared to a reference design (boilers only
in a less energy-efficient building). The utility
company will then be able to reinvest the money
collected in improving the system. This could mean
installing more solar collectors to recharge the
ground, or adding geothermal wells after a few years
of operation (hence the preference given to fewer,
deeper wells in the original design).

The design DHW load used in the DOE-2 and
TRNSYS simulations follows the recommendations
from ASHRAE. The project managers and design
team's feeling is that the actual load will be
significantly smaller, which was another reason to
slightly undersize the system and to select a solar
collector area that is only providing a very small
input to the ground (see Table 2). Even if the DHW
load is only slightly overestimated on a yearly basis,
it is very likely that it will exhibit day-to-day
variations that will increase the probability of having
extra heat sent to the ground.

Finally, the heating systems of the three buildings
will actually be connected, forming a small district
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heating network. The project managers and design
team explicitly wanted the simulation to study the
three buildings independently, but the heating
network will be used to distribute the load across the
buildings in case the ground heat exchangers show
strong differences in ground temperature.

Even though the selected design resulted from a
multi-criterion design process where the pure energy
performance was not the main objective, the three
buildings achieve a 33 % renewable energy fraction
for the total heating load. The detailed TRNSYS
simulations played a significant role in the project by
allowing to study many "what if"' scenarios taking
into account the numerous constraints of the project.
By simulating the long-term performance with
different control strategies, they allowed to explore
non-conventional designs. The long-term evolution
of the ground storage in the selected configuration
has been quantified, thereby providing valuable
information to the project managers and giving them
the confidence to implement a design that would
have failed some "rule of thumb" checks.

NOMENCLATURE

\Variable  Units Definition

Cp [J/kg-K] Specific heat

G [W/m?] Solar radiation

ko [W/m-K]  Ground thermal conductivity
L [m] Length of the geothermal loop
m [kg/s] Mass flowrate

n [-] Heat emission law exponent
Q [W] Heat injection rate

Q . [W] Emitted power

emitter
QSpH [W] Space heating demand
slope K] Slope of the average loop
temperature vs. In(time/1h)

Ta [°C] Ambient temperature

T ini [°C] Ground initial temperature
Tm [°C] Collector Mean Temperature
T [°C] Return temperature

T room [°C] Room temperature

Tou [°C] Supply temperature

Tsurt [°C] Surface temperature (floor)
a, [m%/day] Ground thermal diffusivity
AT, [°C] Log-mean temp. difference

¢ between heat emitter and room

c [W/m?-K?*] Stefan-Boltzmann constant
subscripts
Id Design conditions
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