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List of Symbols

Symbol Parameter Unit

a Angle between divider and connection pipe [°]

A, Cross sectional area of connection pipe [m?]

Ag Cross sectional area of the mixer [m?]

Ao Cross sectional area of the divider inlet [m?]

A, Cross sectional area of the divider [m?]

CSpuxc Control signal for operation of the auxiliary cooler []

CSauxH Control signal for operation of the auxiliary heater []

CSyp Control signal for heat pump operation []

CSpc Control signal for passive cooling system operation []

CSpip Control signal by PID controller []

CSpipc Control signal by PID controller for cooling []

CSpip.n Control signal by PID controller for heating []

CSR set Control signal to maintain the return flow temperature in setpoint value []

d, Diameter of divider [m]

D Diameter [m]

G Glycol content in heat carrier fluid [%]

fr Primary energy factor for electricity [-]

k Roughness of pipe [mm]

A Friction number [-]

L Length [m]

m Dynamic viscosity [Pa-s]

m Minimum mass flow [ka/h]

My_y Mass flow [ka/h]

Myp Mass flow to the condenser side of heat pump [kg/h]

mpg Return mass flow from distribution system [kg/h]

mg Supply mass to the distribution system [kg/h]

n Number of boreholes (= total borehole length / borehole depth) [1]
Total number of variants []

Ny Total number of variants with gradient 0.01 K/m []

N, Total number of variants with gradient 0.03 K/m []

N, Total number of variants with gradient 0.065 K/m []

N, Total number of variants with gradient 0.09 K/m []

P Density [kg/m?]
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Symbol Parameter Unit
Pbrine Density of brine [kg/m?]
Ap Pressure drop [bar or kPa]
Ap, Pressure drop in all component in between divider and mixer [bar or kPa]
Apys » Pressure drop of all components including divider and mixer [bar or kPa]
Pauxc Energy consumption by the auxiliary cooler [kWh]
Pruxn Energy consumption by the auxiliary heater [kWh]
Peomp Energy consumption by compressor [kWh]
Pp prinec  Energy consumption by refrigerant circulation pump for cooling [kWh]
Pp priney  Energy consumption by refrigerant circulation pump for heating [KWh]
Pp ppv Energy consumption by circulation pump between DDV and Heat pump [kWh]
Pp qistc Energy consumption by circulation pump for cooling energy distribution [kWh]
Pp gistn Energy consumption by circulation pump for heat distribution [kWh]
Qp End energy consumption [kKWh]
Qkc End energy consumption for cooling [kWh]
Qen End energy consumption for heating [kWh]
QE tot Total end energy consumption [kWh]
Quse Energy consumed by user in form of heat or cold [kWh]
Quse,c Heat extracted from the building [kWh]
Quse.n Heat supplied to the building [kWh]
Qp Primary energy consumption [kWh]
Qp,c Primary energy consumption for cooling [kWh]
Qp.cmin Minimum primary energy consumption for cooling [kWh]
Qpny Primary energy consumption for heating [kWh]
Qp 1 min Minimum primary energy consumption for heating [kWh]
Qp tot Total primary energy consumption [kWh]
Qp.totmin  Minimum total primary energy consumption [kWh]
R Resistance [kg/mT]
Reot Resistance to flow by whole BHE field [kg/m7]
Re Reynolds number [-]
SPF, Seasonal performance factor for cooling []
SPFy Seasonal performance factor for heating [-]
SPF;ot Total seasonal performance factor [-]

T, Outside air temperature [°C]
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Symbol Parameter Unit
Tamov,avg 24-h moving average of outside air temperature [°C]
Tr Temperature of the fluid returning from the distribution system [°C]
TR set Maximum allowed return fluid temperature from heat distribution system [°C]
T Supply fluid temperature [°C]
AT Temperatur difference K]

Tr Temperature of the fluid in primary circuit of heat pump [°C]
Toutpye  Fluid outlet temperature from BHE [°C]
Toutpue,c BHE field fluid outlet temperature during heat supply to ground [°C]
Toutpue,c BHE field fluid outlet temperature averaged over the heat supply period [°C]
Toutpue,n BHE field fluid outlet temperature during heat extraction from the ground [°C]

Tourpne,y  BHE field fluid outlet temperaturepy averaged over the heat extraction period [°C]

Uk Kinematic viscosity [m2/s]
v Fluid velocity [m/s]
% Volumetric flow of complete system [m3/s]
Varl Total borehole length [m]
Var?2 Borehole depth [m]
Var3 Borehole spacing [m]
Var4 Hydraulic connection of BHEs []
Var5 Geothermal Gradient [K/m]
Vo Volume flow at divider inlet [m¥/s]
w, Velocity of fluid in connection pipe [m/s]
Wy Fluid velocity at divider inlet [m/s]
¢ Drag coefficient [-]

' Total drag coefficient of all components in between divider and mixer [-]

Covs,z Drag coefficient of divider/mixer and all components in between them []




Chapter A: Numerical Building and System Simulation

List of Abbreviations

Abbreviation Wording

BB 1-4 Balance boundary 1-4

BHE Borehole Heat Exchanger

COP Coefficient of performance

DDV Double depressurized differential manifold

EED Earth Energy Designer

HSZG Hochschule Zittau / Gérlitz, University of Applied Sciences
IVHP Inverter Heat Pump

NWFG Junior Research Group (Nachwuchsforschergruppe)
PEC Primary energy consumption
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SPF Seasonal performance factor
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1 Introduction

Geothermal energy is a reliable source for the combined heating and cooling application
because of its less fluctuating temperature. Though it is an efficient source, there exist
complication in designing a larger borehole heat exchanger field for the combined appli-
cation of heating and cooling. Thus, an analysis of Borehole Heat Exchanger (BHE) for
the combined application of heating and cooling of the building was carried out in F-W
HSZG from 2013 to 2014. As a follow-up, Promotion Haack worked on the constructive
design of the BHE field for the combined application of heating and cooling of an office
building. In 2017, an interdisciplinary research group with four work packages containing
five young researchers (NWFG Erdwarme) from various backgrounds was formed at
F-W HSZG. The aim of this research group is to analyse the thermal storage process
around BHE for the combined application of heating and cooling. The primary responsibility
of this work is carrying out simulative analysis for such purpose. With the aid of previous
results and resources, the research work is continued. For common research goals, re-
sources and information are exchanged mutually with Promotion Haack.

Multiple researchers worked earlier on the optimizing of the BHE field for combined appli-
cation with analytical models. These optimization works ignored the transient effect
mostly. Hence, there is a requirement for optimizing the constructive design of the BHE
field with transient simulations. For this purpose, a research concept was developed in
Promotion Haack. The concept involves pre-examination of optimization potential by
constructive design, development of transient simulation model in TRNSYS replicating
real-time behaviour of system and building, and parameter studies with the simulation
model. Preliminary investigations have shown significant optimization potential. For further
investigation with TRNSYS, multiple components were modelled for completion of the
simulation model. Additionally, multiple subtasks essential for validating the simulation
model and widening the research scope were worked out. Finally, various parameter
studies were carried out with this simulation model to provide a generalized solution for
designing a borehole heat exchanger.

In addition to the constructive design of BHESs, energy optimization potential through In-
verter Heat Pump (IVHP) were explored. During the research, it was observed that the
efficiency of the system could be improved further by using IVHP. The efficiency potential
of IVHP, with air as a source, has been answered already. Meanwhile, satisfactory answers
are not provided with the ground as a source. Besides, there exists no commercial model
for IVHP in TRNSYS. Though the final goal of the task cannot be reached during the
project period, preliminary investigations have shown successful potential for optimization.
This preliminary investigation will be used to generate a follow-up project at the
Zittau/Gorlitz University of Applied Science.
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2 Methodology

Optimization of the constructive design of BHEs for the combined application of heating
and cooling of the building is carried out through simulative analysis using transient sys-
tem simulation tool TRNSYS. This research work focuses on larger systems (> 30 kW),
which require a larger BHE field. For this purpose, a non-residential building is designed.
Initially, the research concept was developed. Then suitable heat/cold generation and
distribution systems were planned, designed, and sized. After that, a simulation model
was developed in TRNSYS. Here, the system components unavailable for our research
work are developed within the research group. Finally, various parameter studies were
carried out with the help of server technologies specially designated for NWFG Erd-
warme in Zittau/Gorlitz University of applied science. The crucial parameter varied in
simulation analysis are

(1) Use energy ratio: In combined applications, the use energy ratio (ratio of heat
energy demand by building to cooling demand) plays a vital role in designing
BHEs. Hence, to provide a generalized solution, three-building models with dif-
ferent ratios (equal heating and cooling demand, predominant heating demand,
and predominant cooling demand) were designed. All building model has the
same envelope but varies in standard and occupancy density.

(2) Location dependent properties: Multiple location-dependent properties influ-
ence the design criteria and operational efficiency. The scope of this research
work is limited to the geothermal gradient since it is the parameter that influences
the tendency of design criteria.

(3) Constructive design (Fig. A-2.1): This work intends to find the optimum construc-
tion parameter. Hence, all possible construction parameters (Number of boreholes,
depth, spacing, borehole pipe diameter, hydraulic connections of BHEs in the field)
are varied in parameter studies.

All the simulated variants are evaluated under ecological, energetic, and economic criteria.
At this moment, an energetic evaluation is carried out. This approach has to be imple-
mented in the simulation model and evaluated.

rL 2 _‘;,Z:,J_"—_ -
w»n T
f» ‘ [“
'\}m‘ll:' H ERANE
1 ‘\:‘ ,\I\‘H-!nhl. L kil Depth
umber of BHEs || |
H\;\“‘HH;H”|"1[IEH\:H
IR IR AR R R SRR AR
PTG M
U Y
U g i
| 1, .
_; ~ Fig. A-2.1 _
-~ Distance Constructive parameter of BHE field

(Earth Energy Designer Vers. 3.22).
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3 Simulation model in TRNSYS

A simulation model replicating real-time operation is essential for the optimization of the
constructive design of BHE fields. A commercial transient system simulation tool TRNSYS
is used for this simulative analysis. TRNSYS has enormous pre-modelled components,
the possibility for performing parameter studies, and provides an environment to model
new components. Hence, it is the perfect choice for our research. The model developed
in TRNSYS simulates the working of individual components and their interaction with the
surrounding system and environment. Every model (called as types in TRNSYS) is pa-
rameterized to replicate the behaviour of specific systems/components. Hence, it is nec-
essary to have details of each system before modelling. In this section, system design,
information of each component, and its implementations in TRNSYS are explained.

3.1 Building

An L-shaped office building with six floors (Fig. A-3.1), each height of 3.65 m, is designed
for this analysis. The building is sketched in Google SketchUp, and its properties / usage
are defined in TRNBuild. Building standard is chosen according to EnEV 2013. Building
usage, occupation profile/density, and ventilation are defined according to DIN V 18599.
Thickness and U-Value of the critical building structure are listed in Tab. A-3.1. Type56
model the building's thermal behaviour in TRNSYS using the building description file
generated by TRNBuild. For thermal energy calculation, the complete building is grouped
into 18 zones (twelve big zones and six small zones). Every big zone has a floor area of
360 m? (12 m x 30 m) and 31 windows. Each small zone has a floor area of 144 m?
(12mx 12 m) and 10 windows. Default weather data from TRNSYS for the location
Potsdam, Germany, is used for this calculation. Results of thermal energy demand cal-
culation are listed in Tab. A-3.2.

Big zone

Complete building Small zone

Fig. A-3.1 Office building 3D sketch.
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Tab. A-3.1  Building envelope and U-Value.
Parameter Unit Ground floor ~ Outerwall Innerwall  Ceiling Roof
Thickness [m] 0.38 0.455 0.126 0.38 0.485
U-Value [W/m2-K] 0.354 0.287 0.358 0.354 0.207
Tab. A-3.2  Peak load and total energy demand of the building.
Peak load [kW] Total energy [kWh] Ratio [%)]
Heating 239.04 231,286.5 79
Cooling 136.5 62,802 21

As this research work involves a massive number of parameter studies, simulation of a
complete system with such a large building needs much computational effort. Building
and distribution system significantly influences computational time compared to other
components in the simulation model. Hence, the computational effort is reduced by scaling
down the building and distribution system to a single floor, as shown in the Fig. A-3.2
(only 3 floor). The correction factor, which is the ratio of the sum of the peak load of a
similar zone on all floors to the peak load in the respective zone on the 3™ floor, is intro-
duced to alter the inlet and outlet mass flow rate of the building distribution system. In
this way, heat generation systems work at their full potential, but the distribution system's
size is reduced. Correction factor for three blocks (a group of similar zones on all floor)
for heating and cooling operation is shown in Tab. A-3.3.

Fig. A-3.2
Substitute building for
simulation.

Tab. A-3.3  Correction factor calculation.
Block A Block B Block C
Parameter Unit
QUse,H QUse,C QUse,H QUse,C QUse,H QUse,C
Qyse floor 3 [KW] 64769  4.0477 15984  9.0205 16146  10.904
Sumof Quqe Of allsixfloors  [kW]  40.096 22912 98992  51.051 9995  62.537
Correction factor [] 6.19 5.66 6.19 5.66 6.19 5.74
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3.2 Heating and cooling system

Once building and its energy demand are known, it is necessary to choose appropriate
heat generation and distribution system. Thermally activated building system (TABS), by
integrating building structures as a thermal energy storage, have proven to be economi-
cally efficient system. Main disadvantage is slow reaction for sudden fluctuation in load
(For example: unexpected gathering of large group of people). As rapid change of usage
profile in office buildings are less expected, TABS can be an efficient system for this purpose.

Heat distribution system =  Floor heating Cooling distribution system —*Chilled ceiling
o o ‘_:\. —,
5} go @{ g)}
Ro__. o — —
o A p i i
4 -

I

T

[

[

1
e A e e — -

Double de-
pressurized
differential

—
N
manifold _'ﬁ’ tank
L |
-—

Heat pump i | Manager
Heat
exchanger
BHE field
& - P .Y Type: Double-U
(- SRR - TR T TR SERY SRR - g'u::hdrtv: 225
epth: m .
s L Fig. A-3.
s s eenR e et Total length: 4000 m 9 .33 .
- SR . SR S S S Arrangement: 4 x 8 Rectangle Heating and cooling

system schema.

Floor heating and the chilled ceiling are commonly used as a heat and cold distribution
system, respectively, in TABS. Less operating temperature for heating and higher operating
temperature for cooling (mostly passive cooling) improves the efficiency of the complete
system. A ground-coupled heat pump is selected as a heat generation system. Cooling
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of the building is carried out by coupling the chilled ceiling directly with BHE through a
heat exchanger. The schema of the complete heating and cooling system is shown in
Fig. A-3.3. The system design is carried out based on the initial energy demand calculated
by TRNSYS. The design of each component and modelling of components in TRNSYS is
explained in the upcoming section.

3.2.1 Heat pump

As our focus is on a monovalent heating system, the heat pump capacity should be larger
than or equal to the building peak load (239.04 kW). Hence, heat pump SmartHeat Titan
274 BW with a nominal capacity of 269.39 kW and COP of 4.36 (at BO/W35) is chosen
(Fig. A-3.4).

The heat pump is modelled using Type401 in TRNSYS. It maps the heat pump based
on the manufacture provided characteristic curves for heating capacity and electric power.
These curves depict heating capacity and electric power as a function of evaporator inlet
temperature and condenser outlet temperature. Coefficients of the biquadratic polyno-
mial have to be calculated using these curves. A separate excel file is provided by the
developer along with Type401 for this purpose. These coefficients are feed to Type401
through a text file. This polynomial function represents steady-state behaviour. Other fac-
tors like cyclic losses, frosting and defrosting losses, etc., are modelled in Type401. In
our analysis, frosting and defrosting losses are neglected. Type401 describes the cyclic
losses using an exponential function, which requires two parameters: heating (3 minutes)
and cooling (5 minutes) constant.

Our design criteria for the BHE field design is that evaporator inlet temperature is not
supposed to fall below -5 °C. In parameter studies, multiple variants fall in this category.
The heat generation system is also equipped with an auxiliary heater (COP = 1), which
supplies required heat if the evaporator inlet temperature falls below -5 °C. The intention
of this auxiliary heater is to identify the variants with which monovalent heating is not
possible.

120 520
< 100 ————— 2 420
g =
= 80 S 320
s 60 © 220
s £
3 =
o 40 3 120
35°C - : ;
20 20 35°C -+-55°C
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20
Source temperature [°C] Source temperature [°C]

Fig. A-3.4 Characteristic curve for heat pump SmartHeat Titan 274 BW.
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3.2.2 Floor heating system

The primary advantage of using a floor heating system is its low operating temperature
and high comfortability. It also offers a high degree of design freedom. Even though installa-
tion cost is higher than the conventional system, energy bill saving is significant. The initial
design of the floor heating system is carried out in TGA-Heizung by Hottgenroth Software.
The floor heating system in TRNSYS is modelled according to TGA-Heizung. Design para-
meters used for modelling floor heating system is listed in Tab. A-3.4. Fluid flow rate and
temperature are varied to maintain the room temperature at the expected level. Mass flow rate
to individual zone calculated using peak load, power consumption by the circulation pump,
and AT is listed in Tab. A-3.5. The fluid flow rate for every zone is varied using an individual
PID controller. Power consumption at maximum flow rate is calculated using pressure
drop, which is varied linearly for variable mass flow rate. Supply temperature is controlled
using the return flow control method suggested by DIMPLEX (explained in section 3.2.6).

Tab. A-3.4  Floor heating system design parameter.

Design Parameter Unit Value
Pipe spacing (center to center) [m] 0.15
Pipe outside diameter [m] 0.014
Pipe wall thickness [m] 0.002
Pipe wall conductivity [KJ/(h-m-K)] 1.26

Tab. A-3.5 Mass flow rate calculation.

Parameter Unit Block A Block B Block C
Peak load of floor 3 [KW] 7.1 17.65 17.65
Fluid heat capacity [kd/kg] 419 419 419
AT K] 7 7 7
Maximum mass flow rate [ka/h] 871 2,166 2,166
Maximum power consumption by W] 133 506 506

the circulation pump

3.2.3 Double depressurized differential manifold (DDV)

DDV is used for hydraulic decoupling of the heat generation unit with a distribution circuit
with a variable mass flow rate. Conventional heating systems with buffer storage have a
higher operating temperature, which negatively influences energetic efficiency, which
can be avoided by using buffer storage in return flow with DDV to decouple heat generation
and distribution unit. Hydraulic decoupling is essential because of the different mass flow
in the heat generation unit and distribution system (mass flow is variable in our model).
A mathematical model for DDV was not available for TRNSYS. Hence, a new TRNSYS
model (Type1991) is created. The modelling approach is explained in section 4.2. The
storage tank in the return flow is sized as 7.5 m3.
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3.2.4 Chilled ceiling

Chilled ceiling coupled with BHEs (passive cooling) proved to be delivering high comfort
at reduced running cost. Hence, the chilled ceiling is chosen as a cooling distributing
system. Design parameters for the chilled ceiling are shown in Tab. A-3.6. Pipe spacing
is chosen based on the “Leistungskalkulator Fldachenkihlung“ tool developed by
PURMO. It calculates the specific cooler power (W/m?) based on pipe spacing, the dif-
ference between room and fluid temperature, and thermal resistance. Power calculation
in this tool is carried out as per DIN EN 1264-5:2020-02. During the cooling period, the
room temperature is controlled by variable mass flow combined with a constant supply
setpoint temperature of 19 °C. Mass flow to each zone is controlled by an individual PID
controller. The maximum flow rate is chosen based on the peak load of the building (Tab.
A-3.7). Power consumption at maximum flow rate is calculated using pressure drop,
which is varied linearly for variable mass flow rate.

Tab. A-3.6  Chilled ceiling design parameters.

Design Parameter Unit Value
Pipe spacing [m] 0.15
Pipe inside diameter [m] 0.0136
Specific norm mass flow [kg/(h-m?)] 19.5
Specific norm power [KJ/(h-m?)] 136.1

Tab. A-3.7 Mass flow rate calculation.

Parameter Unit Block A Block B Block C
Peak load [kW] 4.04 9.02 10.9
Fluid heat capacity [kJ/kg] 419 419 419
AT K] 2 2 2
Required mass flow rate [kg/h] 1,738 3,875 4,684
Maximum power consumption by W] 260 1,800 2,341

the circulation pump

3.2.5 Mixer coupled with PID (Cooling circuit)

As explained in the previous section, the supply temperature is supposed to be maintained
at 19 °C. The BHE field is mostly colder than 19 °C, which reflects in fluid temperature
as well. Hence, to maintain 19 °C supply fluid temperature, mixing circuit as shown in
Fig. A-3.5 is used in between the chilled ceiling and heat exchanger. PID controller is
used to quantifying mass flow diversion to supply flow (m2). The control variable of the
PID controller is the supply fluid temperature (Ts) with setpoint 19 °C. This circuit controls
the mass flow through the heat exchanger so that the temperature of fluid after mixing is



Prasanth Subramani

19 °C. The circuit is implemented in TRNSYS by connecting the already available compo-
nents divider (type11h), mixer (type11f), and heat exchanger (type5). Divider and mixer are
just a couple of tee pieces that divide fluid flow into multiple or combine multiple flows. A
counter-flow heat exchanger with a high overall heat transfer coefficient (70,000 W/K) is used.

Building
My =Mg =My + M,
Ty, (Set point =19°C)
& my
) TRL
Mixer Divider
my
TRL
< A 4
Heat
« exchanger |,
~ ’
U BHE Fig. A-3.5
Mixer circuit used for cooling.

3.2.6 Ventilation system

For the selected energy standards, mechanical air ventilation was not necessary. Hence
only free air ventilation at the rate of 0.67 1/h, which fulfils the minimum air exchange
rate requirements by DIN EN 15251:2012-12, is used. During weekends the air ex-
change rate is reduced to 0.57 1/h.

3.2.7 Control strategy

For efficient heating / cooling, it is necessary to choose the right control strategy. Room
temperatures in office buildings should be maintained at 21 °C during the heating period
and 24 °C during the cooling period.

3.2.7.1  Heating

Room temperature is controlled by varying the mass flow rate and temperature of the
heating fluid. The mass flow rate of the floor heating system in each room is controlled
using a separate PID-Controller, with room temperature as the control variable and 21 °C
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as the setpoint. The mass flow rate is allowed to fluctuate between 15 % and 100 % of the
designed value. To mathematically represent this in TRNSYS, every PID controller pro-
vides the control signal CSp;p varies between 1 to 0. Maximum mass flow is required if the
signal is 1, and 0 represents no real heat demand from the respective zone. If any of the
PID signals is greater than 0, heat energy is required from the heat generation circuit.

Fluid temperature is varied by controlling maximum return fluid temperature through a poly-
nomial function. A polynomial function is derived by a heating curve provided by DIMPLEX.

Trset = —0.0061" TZmopang — 0-5247 Ty mov,avg + 32.904 (A.1)

Heat generator (heat pump and auxiliary heater) are regulated so that return-fluid temper-
ature from the floor heating unit is maintained under TR, set by polynomial function A.1.
CSg.set is defined in TRNSYS, which denotes that fluid needs to be heated. CS, s, is set to
zero when the fluid temperature reaches Ty, 5., and set back to 1 when fluid cools down 2 K
less than Ty, s.¢. The above-described control signal is generated in TRNSYS using Type165b.

The heat generator system has to be switched on if there is heat demand from any zone
and the fluid return temperature from the floor heating system is not in the defined range.
Additional safety parameter (T, mov,avg) i introduced in the generation control signal for
the heat generation unit because the heat generation system is not supposed to react to
minute fluctuations in room temperature in summer. The heat generator is supposed to
work only if Ty pmov,avg IS l€SS than 14°C. This can be mathematically expressed as

3
Tomovavg <14 & D CSpipy()>0 & CSpser=1 (A2)
1

Besides, it is necessary to decide which of the heat generator supply required heat. Fluid
outlet temperature from BHE (T, pyr) decides whether the heat pump should generate
the required heat or the auxiliary heater. When T,,,; sy > -5 °C, the heat pump supplies
the heat demand. Once this limit is reached, the heat pump is switched off, and the
auxiliary heater supplies the required heat. The heat pump remains switched-off until
Toutpye reaches -4 °C with a minimum of 18 minutes. Control signals CSyp and €Sy g
are generated in TRNSYS by using Type40 and Type911.

So, the heat pump is switched-on (CSyp = 1) if

3
Ta,mov,avg <14 & Z CSPID,H(i) >0 & CSR,Set =1 & CSAux,H =1 (AS)
1

The auxiliary heater is switched-on (CSgy, y = 1) if

3
Tymovang < 14 & Z CSpipu() >0 & CSpser=1 & CSyp=1 (A.4)
1
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3.2.7.2  Cooling

The room temperature during the cooling period is controlled by variable mass flow com-
bined with a constant supply setpoint temperature of 19 °C. Mass flow to each zone is
controlled by an individual PID controller. The mixing circuit, explained in section 3.2.5,
is used to maintain a 19 °C supply temperature.

The design criteria for the BHE field is that the fluid outlet temperature does not exceed
20 °C. Due to parameter variation, multiple variants exist where fluid outlet temperature
from BHEs is greater than 20 °C. In this case, the auxiliary cooler cools the fluid to 19 °C.
This auxiliary cooler intends to identify construction by which monovalent cooling is not
possible. The complete cooling unit is switched off if 24 h moving average of outside air
temperature (T, mov,avg) is l€ss than 14 °C.

So, the cooling system is on (CSp = 1) if

3
Tomovavg > 14 & ) CSpipc(®) >0 (A5)
1

The auxiliary cooler is on (CSgyxc = 1) if

3
Ta,mov,avg > 14 & z CSPID,C(i) >0 & Tout,BHE > 20 (AG)
1

3.3 Borehole heat exchanger

In parameter studies, constructive design parameter is varied to find the optimum con-
struction possibilities. For the initial design of the BHE field, the optimization tool EED
was used, which determined the optimal design for combined heating and cooling opera-
tion for criteria such as the number of BHES, arrangement, borehole spacing, depth of
the borehole, total length BHEs, and area of the BHE field. Following constraints were
used in EED to list the optimum construction.

» Temperature limits of the average fluid temperature were set at -5 °C for heating
operation and 19 °C for cooling operation. The average operating temperature
over the considered period (50 years) should be within this limit.

» The geothermal probes are hydraulically connected in parallel.

» Minimum mass flow in individual BHE is limited to ensure turbulent flow, i. e. m
(Re = 2,300).

From the variants suggested by EED, a constructive design with a minimum total length
of BHE and rectangular arrangement is chosen, which is used as a base constructive-
design for the parameter studies in TRNSYS. Information required for designing of BHE
field in EED are

» Monthly load and a peak load of the building, calculated in TRNSYS (Fig. A-3.6).
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A\

25 % Ethylene Glycol and 75 % water mixture is used as a refrigerant in the BHE
circuit. Properties are listed in the Tab. A-3.8.

Seasonal performance factor (SPF) of the heat pump (4.36).

Type of BHE and its geometry and properties (Tab. A-3.8).

Location dependent soil properties and geothermal gradient (Tab. A-3.8).
Simulation period, which is the design period of the system (50 years).
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Fig. A-3.6 Monthly energy demand and peak load.

BHE fields are modelled in TRNSYS using the Type557a. With Type557, the BHE field
with vertical BHEs (u-pipe 1 to 10, concentric tube) can be simulated. This model is chosen
primarily because of the possibility of simulating the BHE field, which lacks other commer-
cially available models. The model assumes that the boreholes are placed uniformly
within a cylindrical storage volume of ground. Heat transfer is solved in the model by
splitting into simple problems and superimposing it using the linearity of the heat con-
duction equation. The ground temperature is calculated by the superimposition of three
parts; a global temperature, a local solution, and a steady-flux solution. The global and
local problems are solved using the explicit finite difference method. The steady flux so-
lution is obtained analytically. Heat transfer between the circulating fluid and the ground
is modelled using an analytical, which is then used as a boundary condition in the local
problem. Some of the limitations of Type 557 are listed down.

> BHEs are assumed to be placed uniformly in a cylindrical form. Hence, the
arrangement of BHEs cannot be varied. Since research work does not intend
to optimize the BHE field arrangement, this limitation will not influence our
research work.
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> The thermal capacity of the borehole and dead time efforts of fluid flow are
excluded in the simulation model. This influences the short-term behaviour

of BHEs.

Tab. A-3.8  EED design parameters and results.
Parameter Unit Value
Ground thermal conductivity [W/(m-K)] 21
Ground Ground heat capacity [MJ/(m3K)] 2.3
Ground surface temperature [°C] 8.7
Geothermal heat flux (Wim?] 0.07
Configuration 334 (“32 : 4 x 8 rectangle”)
Borehole depth [m] 125
Borehole spacing [m] 9
Borehole installation [] Doppel-U
Borehole diameter [mm] 152.4
Borehole U-pipe diameter [mm] 32
U-pipe thickness [mm] 2.9
U-pipe thermal conductivity [W/(m-K)] 04
U-pipe shank spacing [mm] 85
Filling thermal conductivity [W/(m-K)] 2
Contact resistance pipe / filling [(m-K)/W] 0
Thermal Borehole thermal resistance, fluid/ground [(m-K)/W] 0.06772
resistances Borehole thermal resistance, internal [(m-K)/W] 0.23
Thermal conductivity [W/(m-K)] 0.48
Specific heat capacity [J/(kgK)] 3,795
Density [kg/m?] 1,052
Heat carrier fluid
Viscosity [kg/(m-s)] 0.0052
Freezing point [°C] -14
Flow rate per borehole [I/s] 0.52
Seasonal performance factor (heating) [1] 4.36
Base load
Seasonal performance factor (cooling) [] 1.00E+05
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3.4 Simulation period and time step

During simulative analysis, it was observed that long-term simulation is essential to predict
the optimization potential by constructive design. For example, dominant heat extraction
from the ground leads to continuous cooling of the ground and vice versa. This source
temperature reduction decreases the efficiency of the heating system. Also, at some
point, the fluid temperature might fall below the minimum requirement. Hence, to provide
a plausible suggestion, long term simulation is essential. System design duration of
50 years is perfect for this case. But, simulating all variants for 50 years needs intensive
computational effort. During analysis, it was also observed that the stationary BHE field
temperature would be reached after 15 years by most variants. Hence, all variants are
simulated for 15 years. For convergence of all components in the model, a smaller simu-
lation time step is essential. For example, in our simulation model, pipe volume should
be greater than the volumetric flow rate multiplied by the simulation time step. To fulfil
this criterion, 5 minutes time step is chosen by trial-and-error method.

3.5 Evaluation criteria

Regarding the task of energetic optimization of the constructive design of the BHE field,
there is a question of criteria for optimization. Two factors that decide the energetic
efficiency of the system are the SPF and primary energy consumption (PEC). SPF is the
ratio of heat supplied to the building to the electrical energy required by the complete
system. Qp is the multiplication of primary energy factors for electricity (fp) and electrical
energy consumption by the system (Qz). Choosing SPF as evaluation criteria may lead to
misinterpretation. This is explained with a fictive example.

As shown in Tab. A-3.9, when SPF is used as evaluation criteria, old building with
SPF = 5 sounds better. But, in the perspective of the energy turnaround, a renovated
building is efficient because of less energy consumption, which eventually leads to less
CO; emission. Besides, energy saving cannot be quantified with SPF. For example,
when SPF changes from 1 to 2, the change in energy consumption is 100 %, whereas
4 to 5is only 25 %. For this reason, the evaluation is carried out based on primary energy
consumption. Besides, primary energy consumption provides direct information regard-
ing CO_ emissions.

Tab. A-3.9  SPF as efficient criteria.

Changein Changein Change in

SPF[] SPF [%] Qg [%] Old Renovated

Parameter Unit

152 50 100 building building
23 33 -50

3>4 25 -33 Quse [kWh/a] 12,500 8,000
425 20 -25 Qg [kWh/a] 2,500 2,000

556 17 20 SPF [ 5 4
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3.6 Evaluation boundaries and functions

Primary energy consumption (Qp) of the complete system (BG4) is influenced by factors
like heat/cold generator, distribution system, the energy required to extract the heat/cold,
etc. The construction with minimum electrical energy required by the circulation pump to
extract heat/cold (BG1) need not be efficient construction at BG4 (total energy consump-
tion). But it influences total primary energy consumption. For evaluation purposes, different
boundary conditions are created, as shown in Fig. A-3.7. Balance boundary 1 includes
just BHE and circulation pumps. In balance boundary-2, heat/cold generator and heat
exchanger are added up. Balance boundary 4 includes all the components in the simu-
lation model. Different balance boundaries are chosen for evaluation, depending on the
requirement.

Building Building

|
1
'
I DDV
1
'
|

Fig. A-3.7
Balance boundaries for the
performance analysis.

Borehole Heat Exchanger Borehole Heat Exchanger
(Heat source) (Heat sink)

The basic formula for calculation of primary energy consumption Qp and SPF are

Q=05 fo & SPF =205 (A7)

Qk

In this work, primary energy consumption for a complete system (BB4) is evaluated pre-
dominantly. Hence, the formula to calculate different primary energy consumption at
balance boundary 4 is listed down. A constant primary energy factor (f, =1.8) is used
to calculate primary energy from end energy.

QE,H (BB4) = Pcomp + PP,brine,H + PP,DDV + PP,dirst,H + PAux,H (AS)

QP,H(BB4) = QE,H(BB4) 'fP (A_9)
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Qg,c(BB4) = Ppprinec + Ppaistc + Pauxc (A.10)

Qpc(BB4) = Qo (BBA) - f> (A1)

Qktot(BB4) = Qg n(BB4) + Qg c(BB4) (A.12)

Qp,tot(BB4) = Qpy(BB4) + Qpc(BB4) (A.13)

SPFy(BB4) = % (A.14)

SPF.(BB4) = _Qusec (A.15)
Qk,c (BB4)

QUse,H + QUse,C

SPF,,.(BB4) = NI
,tot

(A.16)

With the simulation model, multiple parameters studies were carried out. These para-
meter studies intend to find the variant with minimum primary energy consumption.
Hence, the minimum value search function is defined as follows.

Qp.ror (i) = (QP‘H(i) + QP‘C(i)) (i=1,2....N; j=1,234 (A.17)
Qp,ot;min = MIn({Qp ror (D11 = 1,2.....N;}) j=1,234 (A.18)
Qpmin = min({Qp y(D:i =1,2.....N;}) j=1,2,3,4 (A.19)
Qp.cmin = min({Qpc(D):i = 1,2.....N;}) j=1,234 (A.20)

Several evaluation functions were used to present the results as a graph. These evalu-
ation functions are listed below. Evaluation function #1 (A.21) evaluates the ratio of total
primary energy consumption of the current variant to the minimum primary energy con-
sumption in the respective gradient. Evaluation function #2 (A.22) evaluates the ratio of
primary energy consumption for heating of the current variant to the minimum primary
energy consumption for heating in the respective gradient. Evaluation function #3 (A.23)
evaluates the ratio of primary energy consumption for cooling of the current variant to
the minimum primary energy consumption for cooling in the respective gradient.

_ Qe ®

#1l=— 1,2....N;; j=1,234 (A.21)
QP,tot,min
#2=Q§’L)i=1,2.....Nj;j=1,2,3,4 (A.22)
QP,H,min
e @
43 = Jec i=12...N;;j=1,234 (A.23)

J
QP,C,mL‘n
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The average fluid outlet temperature of the BHE field during the heating/period is evalu-
ated to present the results of parameter studies. Formula to calculate this average tem-
perature is presented in down.

7 _ Z?:l'l’:out,BHE,H (1) * CSyp (i)
out,BHE,H Z?=1 CSHP (l)

,n = number of timestep (A.24)

7 _ Z?=1 Lout,BHE,C (@) * CSP,Cool(i)
out.BHE,C Z?=1 CSP,Cool (l)

,n = number of timestep (A.25)

3.7 Intermediate results

Parameter studies were carried out with the simulation model with constructive parameters,
geothermal gradient, and hydraulic connections in the circuit as variables. The intention
of this parameter-study is to find energetically optimum constructions for various loca-
tions (geothermal gradients). Hence, the primary energy consumption of the complete
system (Qp for balance boundary 4) was evaluated predominantly. Further evaluations
are carried out depending on the requirement to explain the other thesis. Initial parameter
studies with base constructive-design of BHE carried out using EED are presented in
this section. The variant matrix used for initial parameter-studies is shown in Tab. A-3.10.
The total number of variants is 240.

Total number of variants (N) and variants in every gradient (N;)

Ni=N,=N;=N,=Varl-Var2-Var3-Var4d=1-6-10-1 =60

(A.26)
N=N;+N,+N;+ N, =60+60+ 60+ 60 =240
Tab. A-3.10 Variant matrix for initial parameter studies.

Parameter Unit Value

Total BHE length [m] 4,000

Number of BHEs n [] 20 32 40 80 160 200
Depth of BHEs [m] 200 125 100 50 25 20
Borehole spacing [m] 1 2134156878910

The average value for Germany

Geothermal gradient [K/100 m]
6,5 AtZittau
9
Hydraulic connections of BHEs in field parallel

Basic construction design from EED 32 x 125 m BHEs
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Fig. A-3.8 depicts the ratio of primary energy consumption of a particular variant to the
minimum primary energy consumption from all variants in the respective gradient (A.21)
for one year (Y-axis). Four graphs represent four gradients. The X-axis represents bore-
hole depth and the corresponding number of boreholes n. Curve parameters are borehole
spacing. Value 1 represents minimum primary energy consumption (Qp ¢t min) in the re-
spective gradient. Value 1.05 represents 5 % more Qp (o than Qp ¢or min iN respective
gradient. Variants with borehole spacing 1m and 2m are excluded to avoid inconsistencies
in evaluation.

Total primary energy consumption for heating and cooling (Total BHE length 4000m, Year 1)
Gradient - 0.01K/m Gradient - 0.03K/m Gradient - 0.065K/m Gradient - 0.09K/m
1.35 —— o 1.35 — o 1.35 — — 135 ohE —
Monovalent heatin ~ Brit spacing Sm
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+
=
<
c
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o
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o
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Fig. A-3.8 Total primary energy consumption — borehole length 4,000 m.

Fig. A-3.8 shows that total primary energy consumption (Qp ¢,;) is less when BHE is not
deeper than 50 m. Q5+, increases by deeper borehole because of higher electrical energy
consumption by circulation pump resulted from higher pressure drop. Though deeper
BHEs have a favourable operating temperature for the heat pump, the influence of pres-
sure drop dominates. Besides, higher operating temperature with deeper BHEs during
cooling prolongs the cooling system's operation or sometimes demands energy from an
external source (auxiliary cooler in this case).

Demand from auxiliary cooler can be seen by 200 m deep BHEs at gradient 0.065 K/m
and 0.09 K/m, significantly influencing Qp (,. This overlapped effect of higher pressure
drops, prolonged operation of the cooling system, and the possibility of using auxiliary
cooler by deeper BHEs make it insignificant variant. Before concluding optimization po-
tential, there exists a question of the representative year for the constructive design of
the BHE field. Because systems with BHEs are planned for a more extended period,
predominant heat extraction leads to continuous cooling down of the ground over the
year. There exists a possibility of reaching minimum temperature in heat pump operation
if analysed for a more extended period. For this purpose, the simulation period is increased
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to 15 years. Year 15 is chosen because observation made during parameter studies
shows that most variants reach stationary operating temperature after this period.

Fig. A-3.9 depicts the ratio of primary energy consumption of the particular variant to the
minimum primary energy consumption from all variants (A.21) in the respective gradient
(Y-axis). The first two graphs show first-year and 15-year results for gradient 0.03 K/m.
The third and fourth graphs show first-year and 15-year results for gradient 0.065 K/m.
The X-axis represents borehole depth and the corresponding number of boreholes n.
Curve parameters are borehole spacing.

Total primary energy consumption for heating and cooling (Total BHE length 4000m)
Year 1, Gradient - 0.03K/m 19 15 years, Gradient - 0.03K/m 19 Year 1, Gradient - 0.065K/m 19 15 years, Gradient - 0.065K/m
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Fig. A-3.9 Comparison of first year and 15-year simulation results.

By comparing first-year results and results over 15 years (in Fig. A-3.9), it can be realized
that multiple variants cannot be monovalent for heating in the long term. This means that
the heat pump reaches the minimum source side operating temperature limit (-5 °C)
during heat supply, which leads to the operation of a secondary heat supply system
(auxiliary heater). 80 % increment in Qp(,, Can be interpreted that aid of the auxiliary
heater is required for a more extended period. Very few variants with BHE spacing more
or equal to 8m can be monovalent. Since most of the constructive design falls below the
operating temperature limit of the heat pump (-5 °C), there is the uncertainty of the rest
of the variants falling into this category during a more extended period. This uncertainty
can be solved by increasing the total length of BHEs. Further parameter studies with a
total BHE length of 5,000 m are carried out, explained in section 5.



Chapter A: Numerical Building and System Simulation

4 Subtasks

4.1 Pressure drop calculation

The energy demand by the circulation pump depends on the pressure drop in the circuit. In
the primary circuit of the heat pump, the energy-demand / pressure-drop varies depending
on the constructive design of BHEs. To automate the pressure-drop/energy-demand by cir-
culation pump calculation in parameter studies, a mathematical model is developed with the
help of WAGNER (2012), and implemented in TRNSYS as Type1994. This model is developed
focusing primarily this parameter studies. Hence, alteration might be essential if applied for
other purposes. The mathematical model is explained in this section. The primary side of the
heat pump contains not only BHEs but also multiple other components and pipes, which are
connected in series. Pressure drops in individual elements in the circuit are required to calcu-
late total pressure drop (Ap). The pressure drop calculation procedure is different for straight
pipes, components, and divider/mixer. Hence, the initial procedure is explained. Then, pres-
sure drop calculation for the primary circuit is demonstrated with an example circuit.

4.1.1 Pressure drop calculation in BHE Field

Straight pipes: Pressure drop in straight pipes can be calculated using the formula
(A.27). R is resistance to flow by pipe, which can be calculated using the formula A.28.

Ap=R-V? (A.27)
A-L-p-8
R="t (A.28)

Friction number (1) in equation (A.28) depends on nature of flow (turbulent or laminar).
Nature of flow can be decided using Reynolds number (Re < 2,300 Laminar, Re > 2,300
turbulent). Reynolds number can be calculated using equation A.29.

p-v:D
Re = (A.29)
Uk
Friction number in case of laminar flow: Re < 2,300
64
=_ A.30

A Re ( )
Friction number in case of laminar flow: Re > 2,300

LIPS ( 251 |k 0269) (A.31)

—=—-=2"10 — - 0. .

VA *\Re-v2 D

Pressure drops in all pipes can be calculated using the formula A.32. Here, R, is total
resistance offered by all pipes combined. To calculate R, resistance (R) in all individual
pipes has to be calculated initially using formula A.28.
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Ap = Reor * V? (A.32)

Before calculating total resistance (R;,.) offered by all pipes from individual resistances
(R), understanding the hydraulic connections of pipes in BHE field is essential. Hydraulic
connections of pipe can be serial, parallel, or mixes. An example of the mixed arrange-
ment, which has n number of rows with m number of pipes in each row is shown in Fig.
A-4.1. It is not necessary to have m pipes in each row.

Riu ¥ Ry =====~| Rim

Ot
V"L Ry ®1 Ry [o™===== Ry

= Rn; R ===~ R\m Fig. A-4.1
The resistance of BHEs.

For the depicted example, resistance by pipes in each row (R1, Rz, ... Rn) can be calculated
using A.33. Once the resistance of each row is known, total resistance can be calculated
using A.34. With this resistance, the total pressure drop in the BHE field can be calculated.

Rl = Rll + R12 + .- +R1m, ™ (A33)

1
Rior =

<\/_ e )2 (A.34)

Pressure drop in components: Apart from BHEs and connecting pipes, there exist
multiple small components circuit. Pressure drops in these components can be calcu-
lated using equation A.35. Drag coefficient and fluid velocity of individual components
are required for pressure drop calculation.

Ap = 5Pb+ne”2 (A.35)
Pressure drop in divider/mixer: By using the method explained in WAGNER (2012), the
total pressure drops of divider, mixer, all elements in between them can be calculated.
Therefore, the total pressure drop of all components between divider and mixer must be
calculated initially. From the total pressure drop, the total zeta value can be calculated
using equation A.37. Finally, total pressure drops (divider + mixer + elements in between
them) can be calculated using equation A.36. This calculation procedure is valid only if
the form of divider / mixer depicted in Fig. A-4.2 is used. Hence, it is assumed that this
form of divider / mixer is used irrespective of number of BHEs.
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Fig. A-4.2
Divider / mixer (WAGNER 2012).

4.1.2 Hydraulic balancing of connecting pipes in BHE field

BHEs in the field are connected with divider/mixer through connecting pipes. The length
of the connecting pipe varies depending on the constructive design of the BHE field, and
hence pressure drop along with it. This influences the mass flow rate through individual
pipes / BHEs. According to VDI 4640-2:2015-05, hydraulic balancing is necessary if the
smallest and longest connecting pipe differs in length by more than 15 %. In parameter
studies, BHEs are assumed to be arranged in rectangular form, as shown in Fig. A-4.3.
In this example, 32 BHEs are arranged in rectangular form (4 x 8), connected in parallel.
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’4-

Bupeds gHg

Assumption: Spacing 5 m
—-—— e —— -—— - l

Divider / Mixer
| Fig. A-4.3
Connecting pipes in BHE field.

To ease the calculation, BHEs and divide/mixer is assumed to be always placed in front
of the BHE field as shown in Fig. A-4.3. Here, connecting pipes are assumed to be laid
as represented in the dotted line. In this case, the length of connection pipes depends
on bore-hole spacing, number of BHEs. For a borehole spacing of 10 m, each pipe's
length and its pressure drop are depicted in Fig. A-4.4. Pressure drops in the individual
connecting pipe is calculates using A.27. Note: Volumetric flow rate in this formula is for
a single pipe, not for the whole system. For 10 m spacing, the difference in length be-
tween the smallest and longest pipe is almost 86 %. Hence, hydraulic balancing is es-
sential for this BHE field. Hydraulic balancing required for individual BHE is depicted in
Fig. A-4.5.

15
60 -

10 40

Pressure drop [kPa]
Length of connecting pipes [m]

Fig. A-4.4 Length and pressure drop of connecting pipes in BHE.
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In the case of 1 m spacing, the difference in length between the smallest and longest
pipe is almost 51 %. The difference is more than 15 % irrespective of the number of
BHEs and borehole spacing. Hence, hydraulic balancing is always essential. In conclu-
sion, it is sufficient to calculate the pressure drop in the longest connecting pipe.

M Pressure drop in connecting pipes m Hydraulic balancing
0.18

—0.16
S o014
o 0.12
2 o1
e
@ 0.08
S
§ 0.06
D 0.04
S
2 0.02

0

25 17 9 1 2 3 4 5 6 7 8 16 24 32
26 18 10 11 12 13 14 15 23 31
27 19 20 21 22 30
28 29

BHE number [-]

Fig. A-4.5 Hydraulic balancing of connecting pipes in BHE field.

4.1.3 Temperature dependent properties

A mixture of ethylene glycol and water is used as a heat carrier fluid on the primary side
of the heat pump. Ethylene glycol content in fluid varies from 25 to 40 %. The heat carrier
fluid temperature varies significantly during the simulation, hence properties like density,
dynamic viscosity. This has a strong influence on pressure drop calculation. Hence, den-
sity and dynamic viscosity are calculated every time step. To do so, polynomial functions
were generated from the data provided by the manufacturer. Polynomial functions for
density and dynamic viscosity are shown in equation A.41 and A.42, respectively. These
polynomial functions are valid for fluid temperatures from -20 to +40 °C and ethylene
glycol mixture from 25 to 40 %.

p(Tf) =129.1757 - G — 6.018965 - G + 0.1250608 - G — 0.950696 - Ty
+ 0.05691005 - Ty - G — 0.001865357 - T - G?
+ 0.00001835942 - T - G3 —0.002437507 - sz
—0.00007813298 - G - sz + 0.000002941503 - sz - G2
+ 0.00009292929 - Tf3 —0.000002444962 - Tf3 G
—9.364531-10712- Tf4 —0.0009651998 - G*

(A.41)
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u(T) = 0.0003573 - G — 0.000015406 - G* + 0.0000003809 - G3
—0.00012575 - Ty + 0.0000048402 - T; - G — 0.00000027626 - T¢

- G* +0.0000000011628 - Ty - G — 0.0000017801 - T?
+0.0000001914 - T? - G + 0.0000000029715 - T - G?
+0.0000000016999 - T# — 0.0000000056577 - T# - G + 0 - 1
+0.000000001877 - T/ — 0.0000000029834 - G*

(A.42)

4.1.4 Pressure drop calculation in primary circuit

In parameter studies, the primary circuit varies depending on the BHE field. Hence, to
automate pressure drop calculation, understanding of circuit connection is essential. Here,
the procedure is explained with an example of two BHEs with two U-tubes connected in
parallel, as shown in Fig. A-4.6. In the circuit, multiple elements are connected in serial.
Hence, the total pressure drop is the sum of pressure drops in every component. The
pressure drop in individual elements must be calculated carefully because of complex
hydraulic connections in the BHE field. The procedure is explained step by step.

> Here, the evaporator of the heat pump is connected to the divider/mixer through
a connecting pipe. The pressure drop in the evaporator is almost constant, and
the manufacturer provides the data. Hence, this value is added to the total
pressure drop at the end.

» Connecting pipes between evaporator and divider / mixer (both supply and return
pipes) are straight pipes. Hence, the pressure drop in these pipes is calculated
using formula A.27.

> Pressure drop calculation for divider / mixer is explained in section 4.1.1. Initially,
pressure drops in the elements in between divider and mixer have to be
calculated. From that total pressure drop can be calculated.

> Every BHEs are connected with a divider and mixer through connecting pipes.
As explained in section 4.1.3, hydraulic balancing is always essential for our
parameter studies. After hydraulic balancing, every connecting pipes has same
pressure drop. Hence, the longest connecting pipe in BHE filed is identified, and
pressure drop in it is calculated using equation A.27.

> As shown in Fig. A-4.6, connecting pipes and U-tubes in BHE are coupled with
the aid of multiple components. For example, reducer and Y-piece (flow divider)
in forward flow, Y-piece (flow mixer) and expansion in return flow. The number of
these components is equal to the number of BHEs in the case of parallel connec-
tions. These components are not necessary if a single U-tube is used. Also, in
the pressure drop calculation of BHEs, a straight pipe is assumed. This ignores
the significant pressure drops in the U-bend at the bottom of the BHEs. Hence,
pressure drops in these U-bends are calculated separately and added to the total
pressure drop. The procedure is already explained in section 4.1.1. Zeta values
used for calculation in parameter studies are listed in Tab. A-4.1.

> BHEs are nothing but pipes connected in serial or parallel. Pressure drop for the
entire BHE field can be calculated using the formula A.32. As explained earlier,
resistance to flow by every pipe has to be calculated using formula A.28. Then
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total resistance to the BHE field flow is calculated by using A.33 and A.34. In our
example, two BHEs with two U-tubes in each are connected parallel. Hence, it is
simplified as four straight pipes, and the procedure mentioned above is used to
calculate the total pressure drop.

> Once all individual pressure drops are calculated, the total pressure drop is the
sum of pressure drops in the evaporator, connecting pipes between evaporator
and divider / mixer, divider / mixer (which includes pressure drops in element

between them).

> This calculation procedure is implemented in TRNSYS as Type1994. Parameters
and inputs required for pressure drop calculation are depicted in Tab. A-4.2.

Heat pump
Condenser

o E—

Connecting pipes Circulation pump @
HP - Divider

Connecting pipes

Mixer Mixer - HP
P Divider Primary circuit
Connecting pipes ¢ ¢
BHE
Reducer Expansion
Y-piece Y-piece
o~ i
(Flow divider) @ (Flow mixer)
1 i ] ] [N} 1 ] ]
R T S A R O R B A
BHEpipes {1 11 01 0 4bo4b o 4do0
o

@JJ M i
Primary circuit of

U-bend heat pump.
Tab. A-4.1 Drag coefficient of components.

Component Drag coefficient ¢ [-]
Valve forward flow 7.38

Reducer 0.25

Y-piece (Flow divider) 0.7

U-bend 0.83

Y-piece (Flow mixture) 0.543

Expansion 0.14

Valve return flow 7.38
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Tab. A-4.2  Parameters and inputs required in Type1994 TRNSYS.

(A) Parameter Unit
Diameter of U-pipe [m]
Roughness of pipe (k in A.14) [mm]
Number of U-Tubes [-]
BHE depth [m]
Number of BHEs in series [1]
Number of rows of BHEs [1]
Total pump efficiency (varies from 0 to 1) []
Glycol content in fluid in primary circuit [%]
Alpha (angle between connecting pipes and divider/mixer) [°]
Length of divider/mixer [m]
Diameter of divider/mixer [m]
Diameter of connection pipes in BHE field [m]
Length of longest connecting pipes in BHE field [m]
Diameter of pipe connecting evaporator and divider/mixer [m]
Length of pipe connecting evaporator and divider/mixer [m]
Number of components (It is 6 in depicted circuit in Fig.. A-4.1) 2
Diameter of the component-1 [m]
Diameter of the component-2 [m]
Mass flow rate in components-1 [kg/h]
Mass flow rate in components-2 [ka/h]
Zeta value of components-1 []
Zeta value of components-2 []
Multiplication factor for components-1 []
Multiplication factor for components-2 []
(B) Input Unit
Mass flow rate in BHE field [kg/h]

Inlet temperature to BHE field [ka/h]
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4.2 Double depressurized differential manifold (DDV)

Double depressurized differential manifold (DDV) is a combined assembly of two stop-
cocks, two bypass lines with return flow prevention, a safety module with a pressure
gauge, and a connection option for expansion valve. It acts as an interface between a
heat pump, heat distribution circuit, and a buffer storage tank. The heating system
planned for simulation analysis has a variable mass flow rate in the distribution system
and constant but different mass flow rates in the heat pump system. In a conventional
heating system, buffer storage acts as an interface between heat generation and distri-
bution systems. Higher operating temperature requirement by such systems has nega-
tive impacts on energy efficiency. Direct coupling of a heat pump with distribution is also
inefficient because of higher load fluctuation. Hence, an input / output puffer-storage in
return flow with DDV as an interface between heat generation and distribution system is
used in our simulation model. This avoids a higher operating temperature problem with-
out increasing the cyclic operation of the heat pump significantly. But there exists no
mathematical model to represent working DDV. Hence, a mathematical model was de-
veloped by Promotion Haack in Excel. TRNSYS and Excel interaction is again time-con-
suming. Therefore, the mathematical model is implemented as a new TRNSYS
Type1991. Circuit diagram representing the working of DDV is depicted in Fig. A-4.7.

My Mg
4 4
M3
ms
3 2
m m Fig. A-4.7
HE - DDV circuit.

DDV controls the direction and quantity of mass flow depending on the pressure difference
between heat distribution and generation circuits. It maintains a constant mass flow rate
in the heat generation circuit and watches out the fluid returns from the distribution system
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goes back to it. This process has to be mathematically modelled in TRNSYS. Since the
size of DDV is small dead time effects in the pipe are less. Hence, it can be ignored in
modelling. In this model, DDV operation is modelled with conditional equations and ad-
justing fluid temperatures when required (for example, mixing two fluid streams with dif-
ferent temperatures).

Depending on the control system design, there exist three different possibilities of mass
flow:

> Case 1: When both heat generation and distribution system are working (my and
myp > 0). Bypassed fluid from point 4 (m,) mixes with return fluid from the distri-
bution system (my) at point 1. This fluid then passes through puffer storage, then
pumped to higher temperature by heat pump. At point 4, mg (= mg) is supplied to
the distribution system and m, is diverted back to point 1.

Here my; = my + mg, my = 0, myp = my, mz = myp, mp = mz — Mg

> Case 2: When heat generation system is off and distribution system is working
(mg > 0 and myp = 0). In this case, return fluid from distribution system pass
through puffer storage, diverted at point 2 avoiding heat pump. Complete fluid
goes back to distribution system again.

Here ml = mR, m2 = ml, me = 0, m3 = mz, mS = m3

> Case 3: When heat generation system is on and distribution system is off (mg = 0
and myp > 0). This case is rare possibility as heat generation is turned on only
when there is demand. Complete fluid coming from the heat pump is diverted
from point 4 to point 1, where it passes through puffer storage and goes back to
the heat pump again. The cycle goes on until the heat pump is switched off.

Here my =My, My = O, Myp = My, M3 = Myp, My = M3z, Mg = Mp = 0

4.3 Automation of parameter variation

Parameter studies for this work are carried out with server technologies specially desig-
nated for this purpose at the Zittau/Gorlitz University of Applied Science. There exist
multiple serves with various numbers of kernels. The number of simulations carried out
parallelly depends on the number of kernels in a particular server. Both TRNSYS 17 and
TRNSYS 18 offer the possibility to perform parameter studies but have their limitations
in both versions. Hence, parameter studies were controlled using deck files (*.dck) and
batch files (*.bat). Deck file is a script file created by TRNSYS (in TRNEdit), and the
batch file is a script file created in Notepad for windows. To automate the generation of
the batch file, a macros program was created in excel. The batch files generated by this
macros program control how variants are simulated and starts / stops simulations. Pa-
rameter required for this macro is depicted with example in Fig. A-4.8. In this example,
four variants are simulated with two kernels. This macros program creates three batch
files, as shown in Fig. A-4.9 to Fig. A-4.11.
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The first two batch file control the order of simulation. The third batch file controls simu-
lation, monitors simulation, and closes the bat file when it is done. Initially, deck files
have to be created using TRNEdit. Then batch files have to created using the presented
macros program. Arrange in the required folder mentioned in the bat file. Another macros
program is created for arranging deck files. Parameter required for this macro is depicted
with example in Fig. A-4.12. Finally, parameter studies can be started by double-clicking
on the third batch file. Once parameter studies are done, the batch file closes itself au-
tomatically.

2|Total number of CPUs/ Kernel
4|Total number of deck files

Var_ name of the deck files

D:\Simulation Path of deck files

C:\TRNSYS18 path of TRN.exe

C:\Simulation\bat Path to the folder for bat file creation
0|ls there next simulation to start (1=yes)

=

Number of paramter studie ( starts from 1)

Generate .batfiles

Fig. A-4.8 Macros in excel to create batch file.

=1 _1bat 3

1 echo > active.l

2 "C:\TENSYS18\EXE\TENExe&4.exe” "D:\Simulatiom’\1‘Var 1.dck" /N
3 "C:\TENSYS18\EXE\TENExe&4.exe” "D:\Simulatiom’\1\Var 3.dck" /N
5 del active.l

< exit

Fig. A-4.9 Batch file 1.

=1 2_1bat tﬂl

1 k:c'.ho e% > active.2

2 "C:\TENSYS18\EXE\TENExe&4.exe" "D:\Simulatiom’\2\Var 2.dck" /N
3 "C:\TENSYS18\EXE\TENExe&4.exe" "D:\Simulatiom’\2\Var 4.dck" /N
g del active.2

5 exit

Fig. A-4.10 Batch file 2.
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[= Start_Simulation bat E3

1 Zecho off

2 start 1 1.bat

3 start 2 _1.bat

4 echo processing. ..

= echo off

: ping 127.0.0.1 —n 3 >nul
rwailt

timeout ft 120 fnobreak

=
o

Fig. A-4.11  Batch file 3.

N

Total number of CPUs/ Kernel

Total number of deck files

D:\Simulation Path to create new directories and distribute deck files
D:\Simulation path to actual deck files

Var_ Name of the deckfiles

Create folder (1=yes)

Distribute deck files (1=yes)

Copy input files (1=yes)

D:\Simulation\00_Input Input file path

o

[y

[y

[y

Arrange deckfilesand input files

Fig. A-4.12  Macros in excel to arrange deck file.

4.4 Inverter heat pump

4.4.1 Introduction

Inverter heat pumps are established in the market as an efficient alternative to the on-off
heat pumps. But quantification of total energy saving potential, especially with the ground
as a source, is not explored sufficiently. Hence, the possibility to answer this question
were analysed during this research work. To quantify optimization potential, transient
system simulation is essential. To do so, a mathematical model for IVHP in required
software (TRNSYS) is essential. Till now, there exists no commercial model for IVHP in
TRNSYS. Previous researchers used either experimental data directly or a self-developed
model whose characteristics are defined by experimental data. Hence, it is decided to
develop a generic model applicable to all heat pumps. It has been realized that experimental
investigation is essential for both model development as well as to validate the optimization
potential. Hence, it is planned to create a follow-up project with available research questions.
Before that, the pre-examination of optimization potential has been carried out within the
research group. The examination work carried out is explained in the following section.
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4.4.2 Simulative analysis of optimization potential

Cyclic loss decreases the efficiency of the on-off heat pump, which can be reduced in
IVHP. Additionally, demand relevant heat extraction in IVHP increases the operating
temperature and energy efficiency. These two effects are explained through simulative
analysis with two heat pumps of capacity 270 kW and 135 kW. Both the heat pumps are
coupled with 40 BHEs each of 100 m deep. The condenser inlet temperature is assumed
to be constant at 28 °C, so that sink side temperature is at the same level for all variants.
135 kW heat pump works continuously (operation time 168 h), whereas the 270-kW heat
pump works in cyclic mode (operation time 84 h, idle time 84 h). The cyclic intervals are
varied as 0.5 h, 1 h, 2 h, 4 h, 84 h (Note: All variants have the same operating and idle
time). In case of inadequate heat supply (< 26,947 kWh) in 168 h, the pump runs contin-
uously after that till predefined energy (26,947 kWh) is supplied. The experiment is repeated,
assuming no cyclic losses (Heating constant and cooling constant is set near zero in
TRNSYS Type401). In Fig. A-4.13, electrical energy required by the pump to supply heat
of 26,947 kWh and average operating temperature by all variants are presented.

Electrical energy consumption by heat pump
(Type 451, Simulation period: 1 week)
6100

ad
=}
S

Average BHE fluid outlet temperature during operating period [°C]

22.7%

wu
o
8
~N
[=]
o

5700

5500

5300

5100

0.0% 0.2% 0.7%
4900

4500 I I .
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Electrical energy consumption by heat pump [kWh]
N
o
S)

§
8

3.7% -3.7%

=
=]
S

- 0.00
0.5h 4h 84h Continuous
Cyclic operation [h] operation
i Heat-up constant 7.2min Without Heat-up constant ~@-Heat-up constant 7.2min —@-Without Heat-up constant

Fig. A-4.13 Demonstration of cyclic losses through simulative analysis.

Considering the variants with cyclic losses, the average operating temperature decreases
and electrical energy consumption increases with cycle time. When the electric energy
consumption trend without cyclic losses is observed, the variant with less cycle has better
operating temperature and less energy consumption than the variant with higher cycle
time. It can be summarized that variants with repeated cycles have a better operating
temperature, but cyclic losses make it inefficient. On the other hand, the continuously
operating variant with a 135-kW heat pump has a better operating temperature and mini-
mal electrical energy consumption (Note: Same total energy supply by all variants).
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Hence, IVHP that extracts heat from the source depending on demand should have better
operating-temperature. Prolonged operation by IVHP also reduces the number of cycles
(reduces related cyclic losses). Both reduced cyclic losses and improved operating tem-
perature increase the overall efficiency of the inverter heat pump.

4.4.3 Experimental validation of optimization potential by IVHP

The tendency of the above-explained temperature behaviour for the different cyclic opera-
tions is validated with an experimental investigation over 24 h. A 100 m BHE located at the
experimental lab at F-W, HSZG is subjected to extract heat at the rate of 5 kW in a cyclic
operation (0.125 h, 0.25 h, 0.5 h, 4 h, 12 h) and the rate of 2.5 kW in a continuous oper-
ation. Average fluid outlet temperature and total heat extracted are plotted in Fig. A-4.14.

It can be observed that the variant with less cycle time has a better operating temperature.
Here, the variant with the continuous operation is more are less equal operating temperature
as the smallest cycle. The trend is the same as that of simulative analysis in the previous
section. It can be seen that heat extracted is not constant in experiments as in the simula-
tive analysis. It is challenging to maintain the exact heat extraction rate in experimental
analysis. But total heat extraction varies from 58 to 61 kWh, which is 5 % approximately.
This deviation is expected to have the least impact on the tendency of the curve. Hence it
can be concluded that demand relevant heat extraction has a better operating temperature.
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Fig. A-4.14  Experimental validation of optimization potential by IVHP.
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4.4.4 Validation of optimization potential — Literature analysis

BAGARELLA et al. (2016) compared air sourced on-off heat pump with inverter heat pump.
It concluded that depending upon the sizing of the heat pump, 12.3-16.2 % of energy-
saving is possible with IVHP. MERKER et al. (2014) compared the effect of heating and
cooling constants on Seasonal Performance Factor (SPF) for varying total borehole
length. It concluded that the heating constant has a significant influence on the SPF of
the total system irrespective of borehole length. This experiment didn’t quantify the opti-
mization potential by IVHP but explained the significance of cyclic losses. MADANI et al.
(2011) made a direct comparison of ground-source on-off and variable speed heat
pumps. It concludes that on-off heat pump sized more than 86 % of the peak load of the
building has almost similar energy consumption as IVHP. But in this research, the influ-
ence of cyclic losses is ignored. As cyclic losses are significant in the on-off heat pump,
simulative analysis considering this effect is essential for the conclusion.

GASSER et al. (2017) has theoretically and experimentally shown that capacity-controlled
heat pump has energy-saving potential, depending on operating conditions. It is shown
that for a heating water supply temperature of 46 °C and a BHE temperature of 6 °C, the
examined capacity-controlled heat pump is 5 % more efficient than the on / off heat
pump. For a heating water supply temperature of 30 °C and a BHE temperature of 13 °C,
the capacity-controlled heat pump is 11 % more efficient.

4.4.5 Mathematical modelling

As theoretical optimization potential is validated through various methods, detailed sim-
ulative analysis is essential to quantify optimization potential. Hence, a character curve
based mathematical modelling of IVHP (Hoval UltraSource T comfort (13)) is initiated
during the project period. The manufacturer provided characteristics field of the heat
pump variant Hoval UltraSource T comfort (13) is shown in Fig. A-4.15. Here, the X-axis
represents source temperature, the Y-axis represents heat pump outlet temperature, and
the Z-axis represents heat supplied by the condenser. Three different planes in the figure
represent data at the maximum frequency (100 %), design frequency (41 %), and mini-
mum frequency (20 %). This data is interpolated to form planes at the interval of every
0.1 % of frequencies. These planes are then converted into polynomial functions using
the curve fitting option in MATLAB. These polynomial functions are used to model the
steady-state behaviour of the heat pump in the TRNSYS model. Cyclic losses are intro-
duced then as a correction factor to calculate actual performance. Transient and cyclic
losses are modelled in analogous to Type401 (Single-stage heat pump). The stationary
performance calculation of the model is validated. But validation of transient behaviour
of the model is essential. For this purpose, an experimental setup is essential. Due to
lack of resources and time during the current project, it is planned to create a follow-up
project on this topic. The initial idea is to create a generic mathematical, which can be
used in the simulative investigation to quantify optimization potential.
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4.4.6 Summary

As discussed earlier, reduced cyclic losses and improved operating temperature increase
the overall efficiency of IVHP. But to quantify optimization potential in real-time applications,
detailed transient system simulation is essential. Quantification with simulation studies
for air sourced IVHP has been carried out by multiple researchers already. But satisfactory
conclusions are not made with ground sourced heat pump. For simulative studies, IVHP
modelling is essential. Modelling and validation are not possible with available resources
within this research project. Hence, it is planned to generate a follow-up project on this topic.

4.5 Heating / cooling demand variation

4.5.1 Introduction

In the framework of constructive design of BHEs for the combined application of heating
and cooling, there exists a subtask of heating and cooling energy demand variation in
the building. The objective of this task is to find office-building with the following energy

demand structure

» Building with predominant heating demand
» Building with predominant cooling demand
» Building with almost similar heating and cooling demand

Building energy demand depends on various factors like energy-standard, building usage,
HVAC system, etc. Maintaining the minimum energy standard for newly constructed
buildings in Germany is mandatory. As building energy-standard improves over time,
multiple building standards exist parallelly. Energy demand structure also varies for these
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buildings. For example, cooling demand increases in passive houses because of less
heat transfer to the surroundings. Hence, initially, existing valid energy standards for
office buildings are analysed. To obtain the energy demand ratios mentioned above,
demand profile, building standard, occupation density/profile, and ventilation heat recovery
efficiency are varied for the building structure shown in Fig. A-3.1. Energy demand for
various buildings is calculated using TRNSYS and IDA-ICE (Trial version). Buildings with
above explained demand profile are explained in the following section along with their
system design, and simulation model development. System and simulation models are
designed analogous to the simulation model created by Promotion Haack.

4.5.2 Building with predominant heating demand

The building model (Fig. A-3.1) used in the base simulation model (section 3) has a use-
energy demand ratio of 79/21. The building is designed according to EnEV 2013, and
building usage, occupation profile/density, and ventilation are defined according to
DIN V 18599. Energy demand calculation, HVAC system design, and implementation in
TRNSYS have been explained already in section 3. Initial parameter studies carried out
using this building model is explained in section 3.7. Further parameter studies are ex-
plained in section 5.1.

4.5.3 Building with predominant cooling demand

Building constructed in passive house standard with ventilation heat recovery system of
efficiency 80 %, occupation density of 12 m?/person, and full occupancy from 8:00 to
17:00 including weekends has predominant cooling demand. Total heating and cooling
energy demands are 30,102 kWh and 100,210 kWh, respectively (heating/cooling-ratio
of 23/77). U-value of important building structures is listed in Tab. A-4.3. Monthly energy
demand and peak load are depicted in Fig. A-4.16.

Tab. A-4.3  Building envelope and U-Value with passive house standard.

Parameter Unit Ground floor ~ Outer wall  Inner wall Ceiling Roof
Thickness [m] 0.42 043 0.126 0.41 0.45
U-Value [W/(m*K)] 0.12 0.12 0.358 0.351 0.10

Substitute model: As explained in section 3, only the third floor is simulated in parameter
studies to reduce computational effort. Correction factors are calculated: the ratio of the sum
of the energy demand of the similar zone on all floors to the energy demand of the respective
zone on stock 3. Energy demand and correction factors are shown in Tab. A-4.4. These
factors are used to correct the fluid mass flow entering and coming out of the distribution
system and to calculate total energy consumption.
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Fig. A-4.16  Monthly energy demand and peak load.

Tab. A-4.4  Energy demand and correction factor.

Block A Block B Block C
Parameter Unit
QUse,H QUse,C QUse,H QUse,C QUse,H QUse,C
Qyse floor 3 [kW] 615 2,537 1,487 7,052 1,691 8,678
Sum of Qg Of all six floors  [kW] 4,848 13,926 11478 38,869 13,776 49,276
Correction factor [] 7.88 5.49 7.72 5.51 8.15 5.68

Ventilation and heat recovery system: An air exchange rate of 0.67 1/h with the weekend
reduction to 0.57 1/h (similar to base simulation model), that fulfils the minimum require-
ments by DIN EN 15251:2012-12, is used. But unlike the base simulation mode, a heat
recovery system with efficiency of 80 % is used in the simulation model (passive house
standard demands a minimum heat recovery of about 75 %). According to LfU (2008),
specific electrical energy consumption for the ventilation system with heat recovery is
0.4 W/msh. This value is used to calculate the total electrical energy consumption of the
ventilation unit. The operation of the heat recovery system has to be controlled to improve
the efficiency of the overall system. In the recovery system, inlet air either passes through a
heat exchanger where it exchanges thermal energy from exhaust air or bypasses it. During
the heating period, heat recovery is essential if inlet air is cooler than exhaust air and vice
versa during the cooling period. The heating or cooling period cannot be directly defined.
Hence, a temperature-based control technique is developed using multiple Type 911 in
TRNSYS. These types generate a control signal based on room temperature and outer
air temperature, which decides if inlet air needs to pass through the exchanger or bypass it.
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The bypass valve opens if the exhaust air temperature reaches +23 °C or the outer air
temperature rises more than +21 °C. Once opened bypass valve closes back if exhaust
air temperature reduces to +22 °C or outer air temperature reduces to +20.8 °C. This
process is controlled by two type911 units, which represents the heating period.

The bypass valve closes if room temperature goes more than +23.5 °C or exhaust air
temperature goes more than +24 °C. The bypass valve opens back if exhaust air goes
back to +22 °C or air temperature goes below +23 °C. This process is controlled by two
type911 units, which represent the cooling period.

Heat pump and storage tank: For this simulation, heat pump SmartHeat Titan 115 BW R,
which has a nominal capacity of 111.65 kW with COP 4.3 at BO/W35, is chosen. The
manufacturer provided characteristics are depicted in Fig. A-4.17. The heat pump model
is implemented in TRNSYS through type 401, as explained in section 3.2.1.
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Fig. A-4.17  Characteristic curve of heat pump variant SmartHeat Titan 115 BW R.

Our design criteria for the BHE field design is that evaporator inlet temperature is not
supposed to fall below -5 °C. In parameter studies multiple variants fall in this category.
Hence, the heat generation system is also equipped with an auxiliary heater, which supplies
the required heat if the evaporator temperature falls below -5 °C. The intention of this
auxiliary heater is to identify the variants with which monovalent heating is not possible.

As in the base simulation model, the heat pump and heat distribution system are coupled
through a double depressurized differential manifold (DDV) and storage tank in return
flow. The tank is sized to a volume of 4.6 m3 (1000 | / 25 kW).

Floor heating system: Floor heating system analogous to the base simulation model is
used. Pipe spacing is decided based on the Schnellauslegung Flédchenheizung und
Heizkérper program by Purmo. It calculates the specific heating power [W/m?] based on
pipe spacing, the difference between room and fluid temperature, and thermal re-
sistance. Power calculation in this tool is carried out as per DIN EN 1264-5:2020-02.
Criteria for design and parameters are listed in Tab. A-4.5. Pipe spacing with specific
heating power more than peak load should be chosen. Fluid flow rate and temperature
are varied to maintain the room temperature at the expected level. Fluid flow for every
zone is varied using an individual PID controller. Supply temperature is controlled using the
return flow control method suggested by Dimplex. Energy demand by circulation pump
at maximum flow rate is calculated, which is then varied linearly according to flow rate.
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Tab. A-4.5  Floor heating system design parameter.

Parameter Unit Value
Supply temperature [°C] 35
Design criteria Return temperature [°C] 28
Specific peak load [Wim?] 18.38
Pipe spacing (centre to centre) [m] 0.3
Pipe outside diameter [m] 0.014
Design parameter — :
Pipe wall thickness [m] 0.002
Pipe wall conductivity [kJ/(h-m-K)] 1.26
Tab. A-4.6  Mass flow rate calculation.
Parameter Unit Block A Block B Block C
Peak load on floor 3 [kW] 2.25 5.79 6.03
Fluid heat capacity [kJ/kg] 419 419 419
AT (K] 7 7 7
Required mass flow rate [ka/h] 276 710 740
Maximum power consumption W] 42 166 173

by the circulation pump

Chilled ceiling: As like the base simulation model, pipe spacing is chosen based on the
“Leistungskalkulator Fldchenkiihlung” tool developed by PURMO. Design criteria and
parameters for the chilled ceiling are shown in Tab. A-4.7. During the cooling period, the
room temperature is controlled by variable mass flow combined with a constant supply
setpoint temperature of 19 °C. Mass flow to each zone is controlled by an individual PID
controller. Again, energy demand by circulation pump at maximum flow rate is calculated,

which is then varied linearly according to flow rate.

Tab. A-4.7  Chilled ceiling system design parameter.

Parameter Unit Value

Supply temperature [°C] 19
Design criteria Specific peak load [Wim?] 28.75

Pipe spacing (centre to centre) [m] 0.05

Pipe inside diameter [m] 0.014

Design parameter =
Specific norm mass flow [kg/(h-m?)] 19.5
Specific norm power [kg/(h-m?)] 163.1
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Tab. A-4.8 Mass flow rate calculation.

Parameter Unit Block A Block B Block C
Peak load of floor 3 [KW] 3.80 9.01 10.53
Fluid heat capacity [kJ/kg] 419 419 419
AT K] 2 2 2
Required mass flow rate [ka/h] 1,633 3,873 4,523
Maximum power consumption W] 244 1,799 2261

by the circulation pump

Borehole heat exchanger: As in the base simulation model, the basic design of the
BHE field is carried out using EED simulation. EED simulation lists possible variants,
which has fluid operating temperature during the heating period greater than -5 °C and
less than +20 °C during the cooling period. One among the listed variants is chosen as
base construction for parameter studies. Properties of BHE, the refrigerant used in EED
simulation, and selected construction variants are listed in Tab. A-4.9. Monthly energy
demand and peak load used for this EED simulation are shown in Fig. A-4.16.

Control strategy for heating: Here, the PID controllers vary the mass flow rate between
0to 100 % and 24 h moving average temperature below which the heating system supposed
to be active is reduced to +11 °C. The remaining control strategy is almost similar to that
of the base simulation model.

So, the heat pump is switched-on if

3
Ta’mov,a-‘;g < 11 & Z CSPID,H(i) > O & CSR,Set = 1 & CSHP =1 (A43)
1

The auxiliary heater is switched-on if

3

Ta,mov,avg <11 & Z CSPID,H(i) >0 & CSR,Set =14& CSAux,H =1 (CSHP = 0) (A44)
1

Control strategy for cooling: Control strategy for cooling is again similar to the base
simulation model except that the 24 h moving average above which the cooling system
can be active is reduced to +2 °C.

So, the cooling system is on if

3
Tomovavg > 2 & z CSpip,u(i) >0 (A.45)
1
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The auxiliary cooler is on if

3
Tomovavg > 2 & Z CSpipu(i) >0 & Toyurpue > 20 (A.46)
1
Tab. A-4.9  Properties of refrigerant and boreholes with simulation results.

Parameter Unit Value
Ground thermal conductivity [W/(m-K)] 21

Ground Ground heat capacity [MJ/(m3K)] 2.3
Ground surface temperature [°C] 8.7
Geothermal heat flux [Wim?] 0.065
Configuration 384 (“60 : 5 x 12 rectangle”)
Borehole depth [m] 49.73
Borehole spacing [m] 10
Borehole installation [] Doppel-U
Borehole diameter [mm] 152.4

Borehole U-pipe diameter [mm] 32
U-pipe thickness [mm] 2.9
U-pipe thermal conductivity [W/(m-K)] 04
U-pipe shank spacing [mm] 85
Filling thermal conductivity [W/(m-K)] 2
Contact resistance pipe / filling [(m-K)/W] 0

Thermal Borehole thermal resistance, fluid/ground [(m-K)/W] 0.06772

resistances Borehole thermal resistance, internal [(m-K)/W] 0.23
Thermal conductivity [W/(m-K)] 0.48
Specific heat capacity [J/(kg-K)] 3,795
Density [kg/m?] 1,052

Heat carrier fluid
Viscosity [kg/(m-s)] 0.0052
Freezing point [°C] -14
Flow rate per borehole [I/s] 0.52
Seasonal performance factor (heating) [1] 4.36

Base load
Seasonal performance factor (cooling) [] 1.00E+05
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4.5.4 Building with equal heating and cooling demand

Building constructed in KfW55 standard, with heat recovery ventilation system of effi-
ciency of 65 %, occupation density of 15 m?person, and full occupation from 8:00 to
16:00 including weekends has almost equal heating and cooling demand. U-value of
important building structures is listed in Tab. A-4.10. Monthly energy demand and peak
load are depicted in Fig. A-4.18. Total heating and cooling energy demands are
74,642 kWh and 77,237 kWh, respectively, which accounts for a heating/cooling energy
demand ratio of 49/51.

Tab. A-4.10 Building envelope and U-Value with KfW55 standard.

Parameter Unit Ground floor  Outer wall  Inner wall Ceiling Roof
Thickness [m] 0.41 0.41 0.126 0.41 0.49
U-Value [W/(m?>K)] 0.246 0.208 0.358 0.351 0.145

Substitute model: As explained in section 3, only the third floor is simulated in parameter
studies to reduce computational effort. Correction factors are calculated: the ratio of the sum
of the energy demand of a similar zone on all floors to the energy demand of the respective
zone on stock 3. Energy demand and correction factors are shown in Tab. A-4.11. These
factors are used to correct the fluid mass flow entering and coming out of the building
and to calculate total energy consumption.
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Fig. A-4.18 Monthly energy demand and peak load.
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Tab. A-4.11 Building envelope and U-Value with passive house standard.

Block A Block B Block C
Parameter Unit
QUse,H QUse,C QUse,H QUse,C QUse,H QUse,C
Quse floor 3 [kW] 1,620 2,092 4,086 5,595 4,358 7,141
Sum of Qy¢e Of all sixfloors  [kW] 12,172 10,834 30,247 29,089 32,223 37,314
Correction factor [-] 7.51 518 7.40 5.20 7.39 5.23

Ventilation and heat recovery system: An air exchange rate of 0.67 1/h with a weekend
reduction to 0.57 1/h, that fulfils the minimum requirements by DIN EN 15251:2012-12,
is used. A constant heat recovery rate of 70 % is used in the simulation model (efficiency
of available ventilation system varies between 65% to 90%). According to LFU (2008),
specific electrical energy consumption for the ventilation system with heat recovery is
0.4 W/m3h. This value is used to calculate the total electrical energy consumption of the
ventilation unit. The operation of the heat recovery system has to be controlled to im-
prove the efficiency of the overall system. Heat recovery is controlled in the same way,
as explained in section 4.6.3.

The bypass valve is set to open if the exhaust air temperature reaches +23 °C or the
outer air temperature rises more than +21 °C. Once opened bypass valve closes back if
exhaust air temperature reduces to +22 °C or outer air temperature reduces to +20.8 °C.
This process is controlled by two Type911 units, which represents the heating period.

The bypass valve is closed if room temperature goes more than +23.5 °C or exhaust air
temperature goes more than +24 °C. The bypass valve opens back it exhaust air goes
back to +22 °C, or the air temperature goes below +23 °C. This process is controlled by
two Type911 units, which represent the cooling period.

Heat pump and storage tank: For this purpose, heat pump SmartHeat Titan 139 BW R,
which has a nominal capacity of 136.16 kW with COP 4.39 at BO/W35, is chosen. The
manufacturer provided a characteristic curve is depicted in Fig. A-4.19. The heat pump
model is implemented in TRNSYS through Ttype401, as explained in section 3.2.1.
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Fig. A-4.19  Characteristic curve of heat pump variant SmartHeat Titan 139 BW R.
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Our design criteria for the BHE field design is that evaporator inlet temperature is not
supposed to fall below -5 °C. In parameter studies multiple variants fall in this category.
Hence, the heat generation system is also equipped with an auxiliary heater, which supplies
the required heat if the evaporator temperature falls below -5 °C. The intention of this
auxiliary heater is to identify the variants with which monovalent heating is not possible.

As in the base simulation model, the heat pump and heat distribution system are coupled
through a double depressurized differential manifold and storage tank in return flow. The
tank is sized to a volume of 5.5 m* (1000 | / 25 kW).

Floor heating system: Floor heating system is designed in analogous to previous simu-
lation models. Pipe spacing is decided based on the Schnellauslegung Fldchenheizung
und Heizkérper program by Purmo. It calculates the specific heating power [W/m?] based
on pipe spacing, the difference between room and fluid temperature, and thermal re-
sistance. Criteria for design and parameters are listed in Tab. A-4.12. Fluid flow rate and
temperature are varied to maintain the room temperature at the expected level. Fluid
flow for every zone is varied using an individual PID controller. Supply temperature is
controlled using the return flow control method suggested by DIMPLEX (with the help of
polynomial function A.1). Energy demand by circulation pump at maximum flow rate is
calculated, which is then varied linearly according to flow rate.

Tab. A-4.12 Floor heating system design parameter.

Parameter Unit Value
Supply temperature [°C] 35
Design criteria Return temperature [°C] 28
Specific peak load [Wim?] 26.37
Pipe spacing (centre to centre) [m] 0.3
Pipe outside diameter [m] 0.014
Design parameter
Pipe wall thickness [m] 0.002
Pipe wall conductivity [kJ/(h-m-K)] 1.26

Tab. A-4.13 Mass flow rate calculation.

Parameter Unit Block A Block B Block C
Peak load of floor 3 [kW] 3.46 8.85 8.91
Fluid heat capacity [kJ/kg] 419 419 419
AT K] 7 7 7
Required mass flow rate [kg/h] 424 1,086 1,094

Maximum power consumption

by the circulation pump [W] 65 254 256
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Chilled ceiling: The building is cooled by coupling it directly with BHE through a heat
exchanger and mixing circuit. Like the previous simulation model, pipe spacing is chosen
based on the “Leistungskalkulator Fldchenkiihlung” tool developed by PURMO. Design
criteria and the parameter is shown in Tab. A-4.14. The room temperature is controlled
by variable mass flow combined with a constant supply setpoint temperature of 19 °C.
Mass flow to each zone is controlled by an individual PID controller. Energy demand by
circulation pump at maximum flow rate is calculated, which is then varied linearly accord-
ing to flow rate.

Tab. A-4.14 Chilled ceiling system design parameter.

Parameter Unit Value

Supply temperature [°C] 19
Design criteria Specific peak load [Wim?] 24.48

Pipe spacing (centre to centre) [m] 0.05

Pipe inside diameter [m] 0.014

Design parameter —
Specific norm mass flow [kg/(h-m?)] 19.5
Specific norm power [kg/(h-m?)] 163.1

Tab. A-4.15 Mass flow rate calculation.

Parameter Unit Block A Block B Block C
Peak load of floor 3 [KW] 3.61 8.33 10.0
Fluid heat capacity [kJ/kg] 419 419 419
AT K] 2 2 2
Required mass flow rate [ka/h] 1,550 3,579 4,296
Maximum power consumption W] 232 1,663 2147

by the circulation pump

Borehole heat exchanger: The basic design of the BHE field is carried out using EED
simulation. EED simulation lists possible variants, which have fluid operating temperature
during the heating period greater than -5 °C and less than +20 °C during the cooling
period. One among the listed variants is chosen as base construction for parameter studies.
Properties of BHE, the refrigerant used in EED simulation, and selected construction
variants are listed in Tab. A-4.16. Monthly energy demand and peak load used for this
EED simulation are shown in Fig. A-4.18.

Control strategy for heating: Here, the PID controllers vary the mass flow rate between
0 to 100 % and 24 h moving average temperature below which the heating system sup-
posed to be active is reduced to +11 °C. The remaining control strategy is almost similar
to that of the base simulation model.
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So, the heat pump is switched-on if

3
Ta’mov,avg < 11 & Z CSPID,H(i) > O & CSR,Set = 1 & CSHp == 1 (A47)
1

The auxiliary heater is switched-on if

3

Ta,mov,avg < 11 & Z CSPID,H(l) > 0 & CSR,S&[ = 1 & CSALLX,H = 1 (CSHP - 0) (A.48)
1

Tab. A-4.16 Properties of refrigerant and boreholes with simulation results.

Parameter Unit Value
Ground thermal conductivity [W/(m-K)] 21
Ground heat capacity [MJ/(m?3K)] 2.3
Ground
Ground surface temperature [°C] 8.7
Geothermal heat flux [Wim?] 0.065
Configuration 241 (“20 : 2 x 10 rectangle”)
Borehole depth [m] 100.14
Borehole spacing [m] 10
Borehole installation [-] Doppel-U
Borehole diameter [mm] 152.4
Borehole U-pipe diameter [mm] 32
U-pipe thickness [mm] 2.9
U-pipe thermal conductivity [W/(m-K)] 04
U-pipe shank spacing [mm] 85
Filling thermal conductivity [W/(m-K)] 2
Contact resistance pipe / filling [(m-K)/W] 0
Thermal Borehole thermal resistance, fluid/ground [(m-K)/W] 0.06772
resistances Borehole thermal resistance, internal [(m-K)/W] 0.23
Thermal conductivity [W/(m-K)] 0.48
Specific heat capacity [J/(kg-K)] 3,795
Density [kg/m?] 1,052
Heat carrier fluid
Viscosity [kg/(ms)] 0.0052
Freezing point [°C] -14
Flow rate per borehole [I/s] 0.52
Seasonal performance factor (heating) [1] 4.39

Base load
Seasonal performance factor (cooling) [] 1.00E+05
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Control strategy for cooling: Control strategy for cooling is again similar to the base
simulation model except that a 24 h moving average above which the cooling system
can be active is reduced to +2 °C.

So, the cooling system is on if

3
Tomovavg > 2 & Z CSpp,u() >0 (A.49)
1

The auxiliary cooler is on if

3
Ta,mov,avg > 2 & 2 CSPID,H (l) >0 & Tout,BHE > 20 (A50)
1
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5 Parameter studies

Initial parameter studies carried out with the model explained in section 3 (predominant
heating demand) were concluded with uncertainty. Hence, further parameter studies with
higher total BHE length is carried out. Besides, parameter studies with two simulation
models with different energy consumption ratio (explained in section 4.5) were carried
out. With the parameter studies, suggestions for the constructive design of the BHEs
field for combined application were summarized.

5.1 Parameter studies 1

5.1.1 Variant matrix

Initial parameter studies explained in section 3 shown that further enhancement of variant
matrix is essential for the generalized solution of the constructive design of the BHE field
for this building model. Hence, further parameter studies were carried out with an enhanced
variant matrix (Tab. A-5.1). Here, the total probe length is increased to 5,000 m. Obser-
vations made during these parameter studies are discussed with relevant diagrams.

Tab. A-5.1  Variant matrix for parameter studies 1.

Parameter Unit Value

Total BHE length [m] 4,000

Number of BHEs n [] 20 32 40 80 160 200
Depth of BHEs [m] 200 125 100 50 25 20
Borehole spacing [m] 5,6,7,8,9, 10

Total BHE length [m] 5,000

Number of BHEs ] 25 40 50 100 200 250
Depth of BHEs [m] 200 125 100 50 25 20
Borehole spacing [m] 5,6,7,8,9, 10

3 The average value for Germany

Geothermal gradient [K/100 m] :
6,5 AtZittau
9
Hydraulic connections of BHEs in field parallel
BHE pipe dimension 32x2.9mm 40 x 3.7 mm

Total number of variants (N) and variants in every gradient (N;)

Ny =N,=N;=N,=Varl-Var2-Var3-Var4=2-6-6-1= 144
(A.51)
N=N;+N,+ N3+ N, =144 + 144 + 144 + 144 = 576
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5.1.2 Results

Fig. A-5.1 depicts the ratio of primary energy consumption of a particular variant to the mini-
mum primary energy consumption from all variants in the respective gradient (A.21) over 15-
years (Y-axis). This illustration aims to compare primary energy consumption by variants
with a total borehole length of 4,000 m and 5,000 m. Comparison is made for gradients
0.03 K/m (first two graphs) and 0.065 K/m (third and fourth graphs). The X-axis represents
borehole depth and the corresponding number of boreholes n. Curve para-meters are bore-
hole spacing. Value 1.05 means that the variant has 5 % more total primary energy con-
sumption (Qp +o¢) compared to the variant with minimum total primary energy consumption
(Qp totmin) in the respective gradient (both 4,000 m and 5,000 m included; Fig. A-5.1).

Total primary energy consumption for heating and cooling (15 years)

4000m, Gradient 0.03K/m 5000m, Gradient 0.03K/m 4000m, Gradient 0.065K/m 5000m, Gradient 0.065K/m
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Fig. A-5.1 Total primary energy consumption Qp ¢, for parameter studies 1 (4,000 m vs. 5,000 m).

By comparing 4,000 m and 5,000 m, significant variation in primary energy consumption
can be observed. Compactly arranged BHEs with a total probe length of 4,00 Om de-
mands considerable heat energy from an additional heater, which reflects significantly in
Qp,tor (For ex: around 40 % more Qp ., by 80 BHEs each of 50 m deep for gradient
0.03 K). By increasing the total probe length to 5,000 m, usage of an additional heater
can be reduced significantly in a compactly arranged BHE field. Besides, there exist
multiple variants with which monovalent heating over 15 years is possible. Monovalent
heating is possible if BHEs are arranged with sufficient distance between them (more or
equal to 8 m). This comparison clarifies that the total probe length of 5,000 m is required
for monovalent heating and cooling of this building using BHEs.

Fig. A-5.2 depicts the ratio of total primary energy consumption (Qp ¢, ) of a particular variant
to the minimum primary energy consumption (Qp ¢o¢ min) from all 144 variants on respective
gradient (A.21) over 15-years (Y-axis). Four graphs represent four gradients. The X-axis
represents borehole depth and the corresponding number of boreholes n. Curve para-
meters are borehole spacing.
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Total primary energy consumption for heating and cooling (Total BHE length 5000m, 15 Years)
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Fig. A-5.2 Total primary energy consumption Qp ., for parameter studies 1 (Total BHE length 5,000 m).

As shown in the figure, Qp ¢, varies up to 20 % when all variants are considered. By con-
sidering only monovalent variants, variation in total primary energy consumption depending
on constructive design is insignificant (varies 4 to 5 %). The significant variation in Qp ;¢
are shown by bivalent variants (variants that use the additional heater to supply required
heat if the heat pump reaches a minimum source temperature of -5 °C). This deviation
could have been reduced using a secondary heating system with a better SPF. As ground
sourced heating and cooling system is efficient than most of the concurrent systems,
designing monovalent ground sourced heating/cooling system is preferred than choosing
better secondary systems. Bivalent systems can be considered in case of other limitations
(for example, lack of ground space). This evaluation suggests that designing monovalent
variants for heating and cooling should be the primary concern of constructive design.
Most of the monovalent variants for heating lies by higher borehole spacing (more or
equal to 8 m). Also, 200 m deeper boreholes at gradient 0.09 K/m are bivalent for cooling.
Before concluding optimization potential, understanding the following factors is essential:
Primary energy consumption for heating/cooling and its reflection in total primary energy
consumption; Variation of primary energy consumption for heating and cooling depend-
ing on construction parameter. Those factors are explained with relevant diagrams.

Fig. A-5.3 depicts the ratio of primary energy consumption of the variant to minimum en-
ergy consumption from all variants in gradient 0.03 K/m over 15 years. Three graphs in the
figure represent total primary energy consumption (A.21), primary energy consumption for
heating (A.22), and primary energy consumption for cooling (A.23). The X-axis represents
borehole depth and the corresponding number of boreholes n. Curve parameters are bore-
hole spacing. Note: Heating and cooling do not necessarily have the same minimum point
(suits in this evaluation).
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Primary energy consumption (Total BHE length 5000m, 15 years, Gradient - 0.03 K/m)
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Fig. A-5.3 Qp o VS- Qppy VS. Q. for parameter studies 1 (5,000 m, 0.03 K/m).

Considering only the monovalent variant in this gradient, Qp ;. varies 6 % approximately
and Qp y varies 5 % approximately depending on the constructive design. But Qp ¢ varies
more than 30 % depending on the constructive design. Despite huge variation in Qp ¢, its
reflection in Qp ¢, is insignificant. This is because of less cooling demand by building and
better SPF of the cooling system. Qp +,, varies significantly only if an additional heater is
used. This again leads to the previous thesis that designing the variant that assures
monovalent heating and cooling for a longer duration should be the primary concern of
constructive design of BHEs for this building model. This evaluation explains the varia-
tion of total primary energy depending on energy consumption for heating and cooling.
As explained earlier, understanding of the variation of energy consumption depending
on construction parameter are essential. For this purpose, the following two evaluations
were made for heating and cooling separately.

Fig. A-5.4 depicts the ratio of primary energy consumption for heating (Qp ;) of a particular
variant to the minimum primary energy consumption for heating (Qp  min) from all variants
with a gradient of 0.03 K/m. The second graph depicts the fluid outlet temperature of the
BHE field averaged over the heat extraction period in 15 years (T¢ gye 1)- The third graph
depicts primary energy consumption by the heating system, excluding the circulation
pump on the primary side of the heat pump. The X-axis represents borehole depth and

the corresponding number of boreholes n. Curve parameters are borehole spacing.
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(Total BHE length 5000m, 15 years, Gradient - 0.03 K/m)

Primary energy consumption for heating PEC for heating excluding Pp, ... 4

4 T — ™ 1.4

—BHE spacing 5m
—BHE spacing 6m
A BHE spacing 7m
30 ] 1351 BHE spacing 8m
\
\

135+ Monovalent heating
and cooling BHE spacing 9m

BHE spacing 10m

13F I Bivalent heating

== Bivalent cooling

1.25 1251

1151 1151

1.05} 4
x x )

I I I I I I 1 I L L L B
25 50 100 125 200 25 50 100 125 200 25 50 100 125 200
200 100 50 40 25 200 100 50 40 25 200 100 50 40 25

Depth of BHEs [m]
Number of BHES []

QP,H,i/QP,H,min,n ]
QP,H,i/QP,H,min,n [l

1.05F

o
Average BHE fluid outlet temperature during heating [°C]

x %

Fig. A-5.4 Qp y VS. Tou pu y for parameter studies 1 (5,000 m, 0.03 K/m).

Minimum and maximum T, gyg x lies at 50 m and 200 m deep BHEs, respectively,
whereas minimum primary energy consumption for heating (Qp y min) lies at 20 m deep
BHEs. The main reason for this is the pressure drops in BHEs. More BHEs means less
mass flow rate in a single BHE, which leads to less pressure drop and vice versa. Thus,
deeper BHEs end up consuming more primary energy despite a favourable operating
temperature. This influence can be understood by comparing primary energy for heating
with and without the circulation pump (graph 1 and 3). The influence of operating tem-
perature cannot be ignored because it decides the monovalent operation of the heating
and cooling system, which is supposed to be a primary concern for constructive design.
The second graph of Fig. A-5.4 shows that compactly arranged BHEs low T, uE u,
which used additional heaters during the initial 15 years. This evaluation suggests that
borehole spacing of at least 8 m is essential for monovalent operation over 15 years for
the selected building model at a location with a gradient of 0.03 K/m. T,y gy g for all
gradients were evaluated in Fig. A-5.6. The variation of energy consumption for cooling
depending on construction parameters are explained with the following evaluation.

Fig. A-5.5 depicts the ratio of primary energy consumption for cooling (Qp ) of a partic-
ular variant to the minimum primary energy consumption for cooling (Qp ¢ min) from all
variants with a gradient of 0.03 K/m. The second graph depicts the fluid outlet tempera-
ture of the BHE field averaged during the heat supply period in 15 years (Tyy; pue c)- The
third graph depicts primary energy consumption by the cooling system, excluding the
circulation pump on the primary side of the heat pump. The X-axis represents borehole
depth and the corresponding number of boreholes n. Curve parameters are borehole
spacing.
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Fig. A-5.5 Qp.c VS. Toue pug ¢ for parameter studies 1 (5,000 m, 0.03 K/m).

There exists a minimum value for Ty, gy ¢ at 50 m deep boreholes. Compactly arranged
BHEs have a favourable operating temperature because dominant heat extraction over
a year leads to continuous cooling of ground. But, T, syr,c has no significant influence
on primary energy consumption (can be realized by observing the energy consumption
of a cooling system without a circulation pump). Variation of Qp ¢ is predominantly deter-
mined by pressure drops in BHEs and, if applicable, by energy demand from an addi-
tional cooler. As explained earlier, though the constructive design of BHEs has a signifi-
cant influence on Qp ¢, its reflection on Qp ., is insignificant. Only if operating tempera-
ture increases beyond 19°C, the aid of additional cooler (see 200 m deep BHEs at gra-
dient 0.09 K/m in Fig. A-5.2) is required, which influences Qp ;. significantly.

Furthermore, these variants needed the assistance of an auxiliary cooler only during
initial years (ground cooled down after few years). Hence, for buildings with predominant
heating demand, choosing monovalent variants for cooling, particularly during initial
years of system operation, should be the ultimate concern. It can be summarized that;
constructive design should be made so that ground does not cool down fast during heat-
ing operation to demand the aid of additional heater and initial ground temperature
should not be so high to avoid demand of aid of additional cooler.

Fig. A-5.6 shows fluid outlet temperature of BHE field averaged over the heat extraction
period for 15 years (T,y: ue 1) This evaluation aims to provide an overview of the average
source side operating temperature below which aid of additional heater is required. Four
graphs represent four gradients. The X-axis represents borehole depth and the correspond-
ing number of boreholes n. Curve parameters are borehole spacing.
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Average BHE fluid outlet temperature during heating (Total BHE length 5000m, 15 years)
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Fig. A-5.6 Tout,guen (15-year average) for parameter studies 1 (5,000 m).

Fig. A-5.6 shows that spaciously arranged deeper BHEs has a favourable operating tem-
perature over 15 years. Compactly arranged BHEs have a lower operating temperature,
indicating that these variants are more likely to fall below the operating temperature limit
of -5 °C for the heat pump. For every evaluated gradient, deeper BHEs (for ex 200 m)
have favourable operating temperatures and secure monovalent heating. However, the
monovalent operation is secured only for the simulated period. It still fails to explain how
fast the constructive design cools down so that monovalent operation can be secured for
more extended period. To predict the monovalent operation for more extended period,
the annual average operating temperature over 15 years needs to be evaluated. Due to
the enormous number of variants, such evaluation is made only for the crucial variants.

Fig. A-5.7 depicts fluid outlet temperature BHE field averaged over the heat extraction
period T,y pyey fOr every year (total 15 years). Evaluation is made for two borehole
spacings (5 m and 10 m) at gradients 0.03 K/m and 0.09 K/m. Curve parameters are
borehole depth and the corresponding number of BHEs. As show in Fig. A-5.7, com-
pactly arranged BHE field cools down faster. Hence, source temperature falls below the
limit of -5 °C required for heat pump operation, leading auxiliary heater to supply required
heat. 200 m deep BHEs with borehole spacing of 10 m cool down at a slower rate
(Toue,BrEH) @round 2 °C for gradient 0.03 K/m and 7 °C for gradient 0.09 K/m after
15 years). The aid of an additional heater is required mostly if Ty, py iy goes below -2 °C.
As the variants mentioned above cool at a slower rate and curve flattens already, these
variants can be monovalent for heating for a prolonged duration. Though variants with
several 20 m or 25 m deep BHEs placed 10 m apart from each other stabilized sooner,
these variants are insignificant because of large ground area requirements. It is neces-
sary to note that the aid of an additional cooler is required during initial years for con-
struction with 200 m deep BHEs at gradient 0.09 K/m. But at this location, 125 m deep
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BHESs can be chosen because Ty, gy 4 is still around 4 °C after 15 years, and it is mon-
ovalent for cooling. It can be summarized that 25 BHEs each of depth 200 m with bore-
hole spacing 10 m is preferred construction for gradients 0.1 K/m, 0.3 K/m, and 0.065
K/m as it secures monovalent heating and cooling for a longer duration. For gradient
0.09 K/m, 40 BHEs each of depth 125 m placed 10 m apart is preferred as it secures
monovalent heating and cooling operation. From Fig. A-5.7, it can also be observed that
most of the bivalent variant lies below the value -2 °C (T, gy i) for evaluated variants.
Multiple variants were simulated for 15 years in this parameter studies. Hence, to find
bivalent points for all simulated variants, the following evaluations were prepared. In Fig.
A-5.8, First graph plots: T, syr ; @veraged over 15 years against the total operating pe-
riod of the additional heater in 15 years; T, pyr c @veraged over 15 years against the total
operating period of the additional cooler in 15 years, Second graph plots: T, pyE x aver-
aged over a year and operating period of the additional heater in the respective year (total

15 years); Toue pye,c @veraged for every year and operating period of the additional cooler
in the respective year (total 15 years).

Annual average of BHE fluid outlet temperature during heating (Total BHE length 5000m, Gradient 0.03K/m)
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Fig. A-5.8 Bivalent point vs. operation period of auxiliary heater/cooler (parameter studies 1).

This evaluation aims to find the bivalent point as well as T, sue 1 / Tout,prE,c dependent
operating period of additional heater/cooler. The first graph (averaged over 15 years)
shows that demand for additional heaters might arise if Ty, pi y falls below 0 °C and its
operating period is significant around -2 °C. Similarly, demand for additional cooler might
arise if Tyy¢ puE,c g0€s beyond 14 °C. But 15-year average value cannot be considered for
decision making because BHE field temperature changes continuously. Hence, a similar
comparison is made with values averaged over the year. The graph shows that demand
for auxiliary heaters arises if the annual average source temperature (T, sy #) falls be-
low -2 °C. Also, demand for auxiliary cooler arises if T, pyr,c goes beyond 18 °C. The
additional heater is required mostly in later years, whereas the additional cooler is required
mostly in earlier years. This shows that during the constructive design of BHEs, the initial
year has to be focused on cooling and the final year of system design for heating. The
operating limit of the heat pump (-5 °C) is reached by the variants with an annual average
source temperature below -2 °C. Future designing of the BHE field can probably be carried
out with simple mathematical models and variants in which Ty, gy Stays above -2 °C
can be considered monovalent variants. Similarly, the variants with Ty, pye ¢ less than
18 °C can be considered monovalent for cooling. But this thesis has to be further analysed
to provide plausible conclusions.
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5.2 Parameter studies 2

Second parameter studies have been carried out with the building model with almost
equal heating and cooling demand (Building model explained in section 4.5.4). Base
constructive design of BHE field is carried out in EED (see section 4.5.4). Initial parame-
ter studies were carried out varying constructive parameters with base design (2,000 m
total probe length). Similar to previous parameter studies 1, this parameter studies had
shown that most variants are bivalent over the simulation period of 15 years. Hence,
further parameter studies with an increased total BHE length of 3,000 m were carried
out. Observation made during these parameter studies is explained in this section with

relevant diagrams.

5.2.1 Variant matrix

Tab. A-5.2  Variant matrix for parameter studies 2.

Parameter Unit Value
Total BHE length [m] 3,000
Number of BHEs n [1] 15 24 30 60 120 150
Depth of BHEs [m] 200 125 100 50 25 20
Borehole spacing [m] 1,2,3,4,5,6,7,8,9,10
1
3 The average value for Germany
Geothermal gradient [K/100 m]
6,5 AtZittau
9
Hydraulic connections of BHEs in field parallel
BHE pipe dimension 32 x2.9mm
Ni=N,=N;=N,=Varl-Var2-Var3-Var4=1-6-10-1 =60
(A.52)
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5.2.2 Results

Fig. A-5.9 depicts the ratio of primary energy consumption of a particular variant to the
minimum primary energy consumption from all variants in the respective gradient (A.21)
for 15 years (Y-axis). Four graphs represent four gradients. The X-axis represents bore-
hole depth and the corresponding number of boreholes n. Curve parameters are bore-
hole spacing. Value 1.05 represents 5 % more primary energy consumption than the
minimum variant. Borehole spacing of 1 m and 2 m are ignored in evaluation to avoid
inconsistencies.

Total primary energy consumption for heating and cooling (Total BHE length 3000m, 15 Years)
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Fig. A-5.9 Qp,to¢ for parameter studies 2 (3,000 m).

By considering only monovalent variants, variation in total primary energy consumption
(Qp,tor) accounts for 3 to 6 %. This variation is insignificant similar to the previous building
model. But, unlike the previous building model, compact arrangements are possible here.
This is obvious because of better regeneration in the ground (equal heating / cooling
demand from the building). Better regeneration can be confirmed from evaluation Fig. A-
5.13, where annual average fluid outlet temperature from BHEs during heat supply
(Tout,sue,c) does not change significantly. Most of the variants with minimum borehole
spacing of 4m are monovalent for heating. But cooling is critical, particularly at higher
gradients. Significant variation in Qp ¢ Occurs only if the variant is bivalent for cooling.

Hence, again the primary focus should be on designing monovalent variants, particularly
for cooling. For gradients 0.01 K/m and 0.03 K/m, all variants are monovalent for the
simulated period. For gradient 0.065 K/m, 200 m deeper BHEs cannot be monovalent,
whereas for gradient 0.09 K/m, even 100 m deep BHEs cannot be monovalent. Since
the spacious arrangement is not essential for this building type, more BHEs of depth
50 m can be compactly arranged even at the gradient 0.09 K/m. But to secure long-term
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monovalent operation, average BHE fluid outlet temperatures have to be analysed. Be-
fore that, the following factors are explained with relevant examples. First, primary en-
ergy consumption for heating / cooling and its reflection in total primary energy consump-
tion. Second, Variation of primary energy consumption for heating and cooling depend-
ing on construction parameters.

Fig. A-5.10 depicts the ratio of primary energy consumption of a particular variant to the
minimum primary energy consumption from all variants in gradient 0.065 k/m for 15 years
(Y-axis). Three graphs represent total primary energy consumption (A.21), primary energy
consumption for heating (A.22), and primary energy consumption for cooling (A.23),
respectively. The X-axis represents borehole depth and the corresponding number of
boreholes n. Curve parameters are borehole spacing.

Primary energy consumption (Total BHE length 3000m, 15 Years, Gradient - 0.065 K/m)
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Fig. A-5.10  Qpo¢ VS. Qpy VS. Qp for parameter studies 2 (3,000 m, 0.065 K/m).

By considering only monovalent variants, Qp ... varies around 5 %. Qp y varies around
6 %, with deeper BHEs as the minimum point. Here, the influence of favourable operating
dominates the influence of pressure drop. This variation is overlaid by Qp , which varies
more than 20 % depending on the constructive design. Despite that, significant variation
in Qp ¢ is not reflected in Qp 1, This indicates that a better SPF by cooling system plays
a vital role. Variation in Qp ;. is significant, only if addition cooler is used. Overall, it again
leads to the suggestion that designing monovalent variants should be the primary con-
cern. To find the variants that secure long term monovalent heating and cooling, average
BHE fluid outlet temperatures are evaluated.

Fig. A-5.11 depicts fluid outlet temperature of BHE field averaged over the heat extrac-
tion period for 15 years (Tyy. sue 1) Four graphs represent four different gradients. The
X-axis represents borehole depth and the corresponding number of boreholes n. Curve
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parameters are borehole spacing. As shown in the graph, none of the variants used
additional heaters over 15 years of operation. Besides, T,y gy 1 lies mostly above 2 °C.
Hence, most of the variants unlikely to use the aid of additional heaters in the following
years. As cooling is critical for this building model, BHEs field fluid outlet temperature

averaged over the heat supply period for 15 years (Toy: pyrc) is evaluated in the next
graph.

Average BHE fluid outlet temperature during heating (Total BHE length 3000m, 15 Years)
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Fig. A-6.11 T,y pyen (15-year average) for parameter studies 2 (3,000 m).

Fig. A-5.12 depicts fluid outlet temperature BHE field averaged over the heat supply period
for 15 years (T, pre ¢ )- Four graphs represent four different gradients. The X-axis repre-
sents borehole depth and the corresponding number of boreholes n. Curve parameters
are borehole spacing. As shown in the figure, the aid of an additional heater is required
mostly if the average temperature is more than 16.5 °C, which occurs mostly by deeper
BHEs at gradients 0.065 K/m and 0.09 K/m. 3 m spaced BHEs with gradient is also crit-
ical for cooling operation. Though additional cooler was required only for a shorter period,
demand might increase in the coming years. Borehole spacing below 4 m poses a high
risk of being influenced by short term behaviours. Hence, minimum 4 m borehole spacing
is suggested, even for smaller gradients. For gradients 0.01 K/m and 0.03 K/m, all de-
picted variants were monovalent for the simulated period. For gradient 0.065 K/m, BHEs
with depth less than or equal to 125 m and minimum spacing of 4 m is required for mono-
valent operation. For gradient 0.09 K/m, BHEs with depth less than or equal to 50 m and
minimum spacing of 4 m is required for monovalent operation. This evaluation provides
information about monovalent variants for the simulated period. To find the variants that
secure monovalent operation for a prolonged period, how fast the BHE field cools down
or warms up must be analysed. For this purpose, the annual average BHE fluid outlet
temperature during the heat extraction period is evaluated in the next graph.
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Average BHE fluid outlet temperature during cooling (Total BHE length 3000m, 15 Years)
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Fig. A-5.12 T,y pue,c (15-year average) for parameter studies 2 (3,000 m).

Fig. A-5.13 depicts BHE field fluid outlet temperature averaged over the heat supply pe-
riod for a year (total 15 years). From the graph it is clear that operating temperature does
not change much over the year. Deeper BHEs have higher T, gy ¢ both initially and
over year, thus demanding additional cooler to meet the requirement. Hence, all variants
which were monovalent during the first 15 years can be monovalent for a prolonged duration.

Annual average of BHE fluid outlet temperature during cooling (Total BHE length 3000m, Gradient 0.03K/m)
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Most bivalent points lie above 16.5 °C for evaluated variants. Hence, to find bivalent
points for all simulated variants, the following evaluation, like previous building models,
was prepared. In Fig. A-5.14, first graph plots: T, gy # @veraged over 15 years against
the total operating period of the additional heater in 15 years; T,y gye ¢ averaged over
15 years against the total operating period of the additional cooler in 15 years, Second
graph plots: T, zyz y @averaged over a year and operating period of the additional heater

in the respective year (total 15 years); Ty, pye,c averaged for every year and operating
period of the additional cooler in the respective year (total 15 years).

It is clear from the graph that most of the bivalent points lie above 16.5 °C for both 15-
year average and annual average values. The aid of an additional cooler is required if
the outlet fluid temperature of the BHE field crosses the limit of 20 °C. For the variants
with Toye pri ¢ (@veraged over year) more than 16.5 °C, there exists a greater possibility
of demanding additional energy from the auxiliary cooler. Hence, future designing of the
BHE field for such a building model can be carried out with simple mathematical models,
and the variants in which Ty pyi ¢ Stays below 16.5 °C can be considered monovalent
variants. But this thesis has to be further analysed to provide plausible conclusions.

15 years Every year for all variants
6000 T T T - = 600 - T T T T g T T T 1 15
Heating (Heat extraction from BHESs)
+ Cooling (Heat supply to BHES) 1 14
+ + 13
5000 500
+ ; "
= + = i -1
ko + ko
S 4000 1 S 400 - o
g +t g i
2 2 9
5 ¥ 3
£ £ B B =
© © G
£ 3000 S 300 L £
E=] = - 7S
o o .4
e e
: : ’?” :
s} © 34
(] @ 1
£ 2000 £ 200 A 5
S S +
12 12 4
+
3
1000 - A 100 q
2
+ 5
A 1
0 L 19 —_ - _—_ .= 0 L > - — Lo
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Average BHE fluid outlet temperature [°C] Annual average of BHE fluid outlet temperature [°C]

Fig. A-5.14  Bivalent point vs. operation period of auxiliary heater / cooler (parameter studies 2).
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5.3 Parameter studies 3

Third parameter studies have been carried out with the building model with predominant
cooling demand (building model explained in section 4.5.3). Base constructive design of
BHE field is carried out in EED (see section 4.5.3). Initial parameter studies were carried
out varying constructive parameters with base design (3,000 m total probe length). Similar
to previous parameter studies 1 and 2, this parameter studies had also shown that most
variants are bivalent over the simulation period of 15 years. Hence, further parameter
studies with an increased total probe length of 4,000 m were carried out. Observation
made during these parameter studies is explained in this section with relevant diagrams.

5.3.1 Variant matrix

Tab. A-5.3  Variant matrix for parameter studies 3.

Parameter Unit Value

Total BHE length [m] 4,000

Number of BHEs n [] 20 32 40 80 160 200
Depth of BHEs [m] 200 125 100 50 25 20
Borehole spacing [m] 1,2,3,4,5,6,7,8,9,10

3 The average value for Germany

Geothermal gradient [K/100 m]
6,5 AtZittau
9
Hydraulic connections of BHEs in field parallel
BHE pipe dimension 32 x2.9mm

Ni=N,=N;=N,=Varl-Var2-Var3-Var4=1-6-10-1 =60
(A.53)
N=N;+N,+N;+ N, =60+60+ 60+ 60 =240

5.3.2 Results

Fig. A-5.15 depicts the ratio of primary energy consumption (Qp ¢,.) of a particular variant
to the minimum primary energy consumption (Qp ¢otmin) from all variants (A.21) in re-
spective gradient for 15 years (Y-axis). Four graphs represent four gradients. The X-axis
represents borehole depth and the corresponding number of boreholes n. Curve para-
meters are borehole spacing. Value 1.05 represents 5 % more primary energy consump-
tion than the minimum variant. Note: X-axis does not have the same maximum as previous
evaluations. Smaller borehole spacing (less than 3 m) are ignored to avoid inconsistencies
in evaluation.
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Total primary energy consumption for heating and cooling (Total BHE length 4000m, 15 Years)
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Fig. A-6.15  Qp ¢ for parameter studies 3 (4,000 m).

This evaluation shows that the constructive design of BHEs has a significant influence
on total primary energy consumption (varies 10 to 14 % depending on gradient) even by
considering only monovalent variants. 20 m deep BHEs with larger borehole spacing of
10 m is optimum in all gradients. But, variants with 20 m and 25 m deep BHEs required
a gigantic land area. In locations with gradients 0.01 K/m and 0.03 K/m, lack of ground
surface can be compensated by deeper BHEs with less borehole spacing. For gradient
0.065 K/m, BHEs with a maximum depth of 100 m and minimum borehole spacing of
8 m is required. For gradient 0.09 K/m, BHEs with a maximum depth of 50 m and mini-
mum borehole spacing of 6 m is required. Though these variants are monovalent for
simulated periods, monovalent operation, particularly for cooling, cannot be assured for
more prolonged periods. To find the variants that assure monovalent operation for a
longer duration, the average fluid outlet temperature of the BHE field during the heat
supply period must be evaluated. Before that, the following factors are explained with
relevant examples. First, primary energy consumption for heating/cooling and its reflec-
tion in total primary energy consumption. Second, Variation of primary energy consump-
tion for heating and cooling depending on construction parameters.

Fig. A-5.16 depicts the ratio of primary energy consumption of a particular variant to the
minimum primary energy consumption from all variants in gradient 0.065 K/m for
15 years (Y-axis). Three graphs represent total primary energy consumption (A.21), pri-
mary energy consumption for heating (A.22), and primary energy consumption for cool-
ing (A.23), respectively. As shown in the graph, total primary energy consumption (Qp ;¢ )
varies more than 100 % considering all variants. Considering only monovalent variants,
Qp,or Varies around 12 %. Primary energy consumption for heating (Qp ;) varies about
8 %, with 200 m deep BHESs as the minimum point. Qp ¢ varies more than 250 % by con-
sidering all variants, and it varies around 25 % by considering only monovalent variants.
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This implicates that the central focus of designing the BHE field is supposed to be both
minimum Qp ;,¢, and secured long term monovalent operation. Variants with minimum
energy consumption can be predicted from Fig. A-5.15. A secured long-term monovalent
operation can be judged only by observing the average fluid outlet temperature of BHEs.
Though none of the depicted variants are bivalent for heating over a simulated period,
conclusions about long-term monovalent operation can be made only with the average
fluid outlet temperature of BHEs during the heat extraction period.

Primary energy consumption (Total BHE length 4000m, 15 Years, Gradient - 0.065 K/m)
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Fig. A-6.16  Qp ot VS. Qpy VS. Qp for parameter studies 3 (4,000 m, 0.065 K/m).

Fig. A-5.17 depicts fluid outlet temperature of BHE field averaged over the heat extrac-
tion period for 15 years (Tyu:sre x)- FOUr graphs represent four different gradients. The
X-axis represents borehole depth and the corresponding number of boreholes n. Curve
parameters are borehole spacing. As shown in the graph, none of the depicted variants
used additional heaters over 15 years of operation. Besides, T, gy 4 lies mostly above
6 °C. This implies that the depicted variants unlikely to use the aid of additional heaters in
the following years. Also, predominant heat supply to the ground leads to a continuous
increase in ground temperature over the year, which is favourable for monovalent heating.
But cooling is critical for this building model due to the predominant supply to the ground,
particularly at larger gradients. To identify the variants that can assure monovalent cooling
for a more extended period, the fluid outlet temperature of the BHE field averaged over the
heat supply period for 15 years (T,y: suE ) is €valuated next figure.
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Average BHE fluid outlet temperature during heating (Total BHE length 4000m, 15 Years)
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Fig. A-5.17 T,y puen (15-year average) for parameter studies 3 (4,000 m).

Fig. A-5.18 depicts fluid outlet temperature of BHE field averaged over the heat supply
period for 15 years (T, zuEc)- Four graphs represent four different gradients. The X-
axis represents borehole depth and the corresponding number of boreholes n. Curve
parameters are borehole spacing. As shown in the figure, the aid of an additional cooler
is required mostly if Ty, pye ¢ is more than 16.5 °C. This occurs mostly by deeper BHEs
and compactly arranged BHEs. In locations with gradient 0.01 K/m and 0.03 K/m, 125 m
or less deep BHEs with borehole spacing minimum of 7 m has T,y gyi ¢ less than 16 °C,
and 50 m or less deep BHEs has a temperature near to 15 °C. But at higher gradients,
only 20 m and 25 m deep BHESs have a temperature below 16 °C. Here, 50 m deep BHEs
are still monovalent but in the critical limit. As none of the monovalent variants has
Tout.zuE,c far away from the critical limit of 16.5 °C, secured long term monovalent variant
cannot be judged without observing annual average T,y zuz . Temperature develop-
ment around BHEs at smaller gradients (0.01 K/m and 0.03 K/m) are different from larger
gradients (0.065 K/m and 0.09 K/m). Hence, annual average Ty, gy are compared

separately for smaller and larger gradients.
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Average BHE fluid outlet temperature during cooling (Total BHE length 4000m, 15 Years)
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Fig. A-5.18 T,y purc (15-year average) for parameter studies 3 (4,000 m).

Fig. A-5.19 depicts annually-averaged T, gyi ¢ (total 15 years) for two borehole spac-
ings (7 m and 10 m) at gradients 0.01 K/m and 0.03 K/m. Curve parameters are borehole
depth and the corresponding number of BHEs. Variants monovalent and bivalent for
heating and cooling are marked separately. As shown in the graph, constructions with
several BHEs of depth of 20 m and 25 m stabilize fast. If BHEs are arranged with suffi-
cient space between them (10 m), the temperature curve flattens for deeper BHEs.
80 BHEs each of depth 50 m placed 10 m apart from each other sound promising. Still,
this construction needs a large ground area, which might not be possible in most cases.
Several remaining monovalent variants cannot be judged yet, as T, gue ¢ is already
near to a critical limit of 16.5 °C.

Fig. A-5.20depicts annually averaged T,y pyi ¢ (total 15 years) for two borehole spac-
ings (7 m and 10 m) at gradients 0.065 K/m and 0.09 K/m. Again, only for the variants
with BHEs of depth 20 m and 25 m placed 10 m apart, the curve flattens around 15 °C.
Several remaining monovalent variants have Ty, pyr ¢ Near the critical limit of 16.5 °C.

It can be summarized that variants which can assure long term monovalent operation are
several BHEs of less depth (20 to 25 m in our example). These constructions need vast
land area, which is unrealistic. Though there are many realistic constructions with which
monovalent heating and cooling are possible for 15 years, the same cannot be assured
for a prolonged duration. Hence, this building model conclusion can be made only if real-
istic variants are simulated for a complete period of system design (50 years).
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Annual average of BHE fluid outlet temperature during cooling (Total BHE length 4000m)
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Similar to previous building models, evaluation to identify bivalent points from all variants
were prepared. In Fig. A-5.21, first graph plots: T, sy » averaged over 15 years against
a total operating period of the additional heater in 15 years; T, zu ¢ averaged over 15
years against a total operating period of the additional cooler in 15 years, Second graph
plots: Ty, puen @veraged over a year and operating period of the additional heater in the
respective year (total 15 years); T,y sur c @veraged for every year and operating period of
the additional cooler in the respective year (total 15 years).
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Fig. A-5.21  Bivalent point vs. operation period of auxiliary heater / cooler (parameter studies 3).

It is clear from the graph that most of the bivalent points lie above 16.5 °C for both 15-year
average and annual average values for this parameter studies. The aid of an additional
cooler is required if the outlet fluid temperature of the BHE field crosses the limit of 20 °C.
For the variants with Ty, sy ¢ (@veraged over year) more than 16.5 °C, there exists a
greater possibility of demanding additional energy from an auxiliary cooler. As like previous
simulation models, in future designing of BHE field for such building can be carried out with
simple mathematical models, and the variants in which Ty, pyi ¢ Stays below 16.5 °C can
be considered as monovalent variants. Again, this thesis has to be further analysed to
provide plausible conclusions.
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5.4 Summary of parameter studies

Through parameter studies with the building with predominant heating demand, it was
observed that designing the variant that assures monovalent heating and cooling for a
longer duration is supposed to be the primary goal. Significant variation in primary energy
consumption arises because of substantial energy demands from additional heating and
cooling system. Using an additional heating/cooling system with better COP will reduce
the deviation but cannot be used as an alternate because a ground sourced heating and
cooling system has a better SPF than most of the concurrent systems. Among monova-
lent variants, the potential for energetic optimization is insignificant. For such building
models, deep BHEs (100 m to 200 m) with borehole spacing of 10m can assure mono-
valent heating and cooling. Only at locations with high geothermal gradients (0.09 K/m
in our example), 200 m deep BHEs should be avoided as it is unfavourable for cooling,
particularly during initial years of system operation. In this case, 125 m deep BHEs with
10 m borehole spacing is suggested.

Through parameter studies with the building with almost similar heating and cooling de-
mand, it is again observed that designing monovalent variants for heating and cooling is
essential. Unlike the previous building models, a compact arrangement with a minimum
borehole spacing of 4 m is possible. Due to better regeneration, the temperature of the
ground does not change much for this building model. Hence, the variants which were
monovalent during the simulated period can be monovalent for a longer duration. At lo-
cations with smaller gradients (0.01 K/m or 0.03 K/m), all construction with 20 m to 200 m
deep BHEs works. Therefore, variants can be chosen based on land availability. At lo-
cations with a gradient of 0.065 K/m, BHEs cannot be 200 m deep. Thus, constructions
with less borehole depth should be chosen (24 x 125 m deep BHESs from our evaluation).
At locations with a gradient of 0.09 K/m, BHEs cannot be 100 m deep or more. Thus,
constructions with less borehole depth should be chosen (For example, 50 x 60 m deep
BHEs from our evaluation).

Parameter studies with the building that has predominant cooling demand ended up
without a conclusion. Variants with 200 BHEs each of depth 20 m and 160 BHEs each
of depth 25 m assure monovalent cooling for a prolonged duration. But for these variants,
higher borehole spacing is required at locations with higher gradients. These construc-
tive designs cannot be considered sensible due to the requirement of a vast land area.
Several other variants were monovalent during the first 15 years. But annual average
fluid outlet temperature from the BHE field is near to critical limit. Hence, to assure long-
term monovalent operation, simulation over the complete system design period is essen-
tial (50 years). Due to time restrictions, 50-year simulations were not possible in the
framework of this project. 50-year simulations might be carried out if a follow-up project
is generated.
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6 Conclusion

During the project duration, multiple parameter studies were carried out to optimize the
constructive design of the BHE field. These parameter studies provided insight into ener-
getic optimization potential for different building models and the importance of designing
a BHE field that assures long-term monovalent heating and cooling. With the actual results,
judgments about monovalent variants were made for two building models (with predomi-
nant heating demand, almost equal heating and cooling demand). It was concluded that
to make judgments about monovalent variants for building with predominant cooling de-
mand, a 50-year simulation was essential. Due to time restrictions, these simulations
were unachievable during the project duration. Probably, this might be performed in a
follow-up project or by Promotion Haack, if required.

In addition to parameter studies, multiple sub-tasks were carried out within the framework
of this project. Most of the work revolves around completing the simulation model, widening
the scope of parameter studies, and finally automatizing parameter studies. Mathematical
models for calculating pressure drop on the primary side of the heat pump and Double
depressurized differential manifold (DDV) were developed to complete the simulation
model. Finding the building models with different use-energy consumption ratios was
essential to widen the parameter studies' scope. The development of macros tools in
Microsoft Excel was essential for automatizing parameter studies and arranging the re-
sults. Necessary sub-tasks were documented in this report.

Besides, the potential for energetic optimization by using an inverter heat pump (IVHP)
was explored. During simulative analysis, it was observed that there is a potential for
energy saving by using an inverter heat pump (IVHP). Hence, initially, theoretical optimi-
zation potential by IVHP was validated through preliminary investigations. This investi-
gation includes literature research, simulative analysis, and experimental investigation in
collaboration with work described in Chapter B. After validating theoretical optimization
potential, mathematical modelling of the inverter heat pump was initiated. The model
mathematical model has to be verified with experimental investigation.
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