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HIGHLIGHTS

New framework has been developed for ground source heat pump investigations.
Biomass waste heat recovery through ground source heat pump is investigated.
Different possible storage temperatures are analyzed.

Temperature variations in ground around heat exchangers have been explored.
Effectiveness of the heat recovery system is presented.

ARTICLE INFO ABSTRACT

Development of a reliable and convenient dynamic modelling approach for ground source heat pumps remains
as an important unresolved issue. As a remedy, in this work a novel, computationally-efficient modelling fra-
mework is developed and rigorously validated. This is based upon an implicit computational modelling approach
of the ground together with an empirical modelling of heat and fluid flow inside U-tube ground heat exchangers
and waste heat calculations. The coupled governing equations are solved simultaneously and the influences of
parameters on the performance of the whole system are evaluated. The outcomes of the developed framework
are, first, favorably compared against two different existing cases in the literature. Subsequently, the under-
ground storage and recovery process of the waste heat through flue gases generated by a biomass combustion
plant are modelled numerically. This reveals the history of temperature distributions in the ground under dif-
ferent configurations of the system. The results show that for a biomass combustion plant generating flue gases at
485.9K as waste heat with the mass flow rate of 0.773 kg/s, the extracted heat from the ground is increase by
7.6%, 14.4% and 23.7% per unit length of the borehole corresponding to 40 °C, 50 °C and 60 °C storage tem-
peratures. It is further shown that the proposed storage system can recover a significant fraction of the thermal
energy otherwise wasted to the atmosphere. Hence, it practically offers a sizable reduction in greenhouse gas
emissions.
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and the usage of biomass pellets for domestic water heating have re-
ceived considerable attention [3]. The thermal efficiency is in the range

1. Introduction

Renewable energy technologies are to respond to the substantial
challenges of growing energy demands and emission of greenhouse
gases [1]. Biomass is regarded as a very promising source of renewable
energy for electricity and heat generation and transportation fuels [2].
Compared with that of fossil fuels, biomass combustion is an en-
vironmentally friendly technology due to being CO, neutral. In recent
years, co-firing of pulverized biomass and coal for electricity generation
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of 60-90% for most industrial boilers, while a considerable fraction of
thermal energy is often lost to atmosphere by the flue gases [4]. Cur-
rently, the temperature of the exhaust flue gas of an industrial boiler is
generally in the range of 150-180 °C, and in some cases, it can reach up
to 220 °C [5]. This makes the heat loss with exhaust flue gas the most
significant source of heat losses. Also, after a period of operation, the
temperature of exhaust flue gases generated by industrial boilers

Received 17 June 2019; Received in revised form 4 October 2019; Accepted 2 November 2019

Available online 04 November 2019

1359-4311/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2019.114625
https://doi.org/10.1016/j.applthermaleng.2019.114625
mailto:babak.dehghan@polimi.it
https://doi.org/10.1016/j.applthermaleng.2019.114625
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2019.114625&domain=pdf

B. Dehghan B., et al.

Applied Thermal Engineering 166 (2020) 114625

Nomenclature

A peripheral area of pipe

Cp flue specific heat capacity of flue gas

Cpf specific heat capacity of fluid
distance between borehole

D major diameter of GHE

f friction factor

hy heat transfer coefficient of fluid

ks thermal conductivity of soil/ ground

kp, thermal conductivity of PE tube

kg thermal conductivity of fluid

L vertical length of U-tube GHE

LHV lower heating value of biomass fuel

e mass flow rate of flue gas

Fifye) mass flow rate of biomass fuel

(Mg )s air flow rate under stoichiometric conditions

ritg fluid flow rate in pipes

MW molar weight

N number of GHE

Q HTR value

P biomass plant output

q HTR per unit length

I inner radius of PE tube

T, outer radius of PE tube

Tove average fluid temperature
Ty inlet air temperature

Ty flue gas temperature

T; storage temperature

Ty undisturbed uniform ground temperature
t storage time

N percentage of flue gas heat loss
n, boiler thermal efficiency
Ug fluid velocity in pipes

Xair excess air coefficient

X distance between nodes
Nu Nusselt number

R, Reynolds number

Pr density of fluid

iy dynamic viscosity of fluid
Abbreviation

COP coefficient of performance
GHE ground heat exchanger
GSHP ground source heat pump
HTR heat transfer rate

PE polyethylene

usually increase by 10-30% due to the reduced heat transfer efficiency
between the high-temperature flue gas and heat exchanges [6]. It fol-
lows that there is a significant potential to recover the waste heat of the
flue gases from industrial boilers [6]. This is of higher importance in the
case of a biomass-based boilers as the waste heat is essentially carbon-
free. More importantly, the limitations in biomass resources further
necessitate saving biomass and therefore minimizing heat losses and
recovery of waste energy.

There have been already studies on the waste heat recovery from
flue gases. The early investigations proposed to increase the heat ex-
changing surface areas of air or water preheating, but it is limited to
space constraints or high cost. Another method for the flue gas heat
recovery involves applying gas/gas heat exchangers (GGHs) in which
cleaned flue gas is heated by the uncleaned flue gas, decreases the
temperature of the uncleaned flue gas while maintains the temperature
of the cleaned flue gas for venting. The technology however does not
have any effect on energy saving [7]. Organic Rankine Cycle (ORC)
[8,9] is also a practical way to recover the exhaust waste heat. The low-
grade energy in the exhaust flue gas is used to generate high-grade
energy with ORC system, which improves the combined system effi-
ciency. However, the high cost and complex operation of the integrated
systems are the disadvantages [8]. As a result, the methods of waste
heat recovery from combustion systems are still under development and
constantly call for more research.

Ground has been found to be an excellent medium for storing heat
for a long time with a relatively low cost due to its proper heat capacity
[10,11]. Thermal energy can be stored in the ground with the appli-
cations of Ground Heat Exchangers (GHEs) made of high-density
polyethylene (HDPE) pipes with different shapes such as boreholes with
U-tube pipes, slinky, spiral etc. As a general rule, polyethylene (PE) pipe
for pressure applications can be safely used for temperatures as low as
—40°C and as high as 60°C [12]. For non-pressure service, the al-
lowable temperature range widens up to 82°C. There are a few PE
piping materials that have qualified for a pressure rating at 82 °C [12].
In the borehole thermal energy storage method, heat is transferred from
a high temperature medium to the ground through vertical boreholes
with U-tube pipes and then stored in the ground [10]. The volume of
the storage area is not exactly separated. Thermal properties of the

ground play an important role in specifying the thermal capacity of the
storage medium [10]. Ground allows for a clean, sustainable and cost-
effective heat storage [13,14]. Further, due to the unlimited boundaries
of the ground, it leads to a stable temperature distribution mostly un-
affected by the seasonal variations [15]. A geothermal energy extrac-
tion system can be applied to transfer ground thermal energy to
buildings [16] with little cost compared to other sources [17]. Ground
source heat pump (GSHP) system is one of the most promising appli-
cations in supplying heating/cooling to buildings due to its high effi-
ciency and environmental friendliness [18]. Compared with traditional
air conditioning systems, GSHP system has 25-50% less power con-
sumption by utilizing the stable ground energy [15].

Applying GSHP system for waste heat storage and recovery from
industrial boilers, especially biomass plants have great potential for
waste heat usage. The technology used for the storage process is typi-
cally dependent on the temperature of waste heat [19]. However, the
performance of GSHP system, which can be predicted numerically or
analytically, need to be further investigated. In doing so, the ground
and heat pump should be analyzed separately. Several studies have
modelled GSHP systems of waste heat utilization. These are reviewed
briefly in the following. Recently, industrial waste heat storage process
using large scale heat storage medium was explored by Moser et al.
[20]. Their research focused on the case study of the industrial city of
Linz (Austria) and advantages and disadvantages of seasonal heat sto-
rage were discussed vastly. The results indicate that the number of
annual cycles is crucial for a seasonal heat storage. In Dehghan’s work
[10], waste heat from micro gas turbine exhaust gases was stored in
ground through spiral (helical) GHEs in the ground and then recovered
the GSHP system. The process was simulated by COMSOL and the re-
sults show that amount of extracted heat from the ground is con-
siderably increased after the waste heat storage process. Furthermore,
for the storage process, the optimum distance between GHEs was cal-
culated to be 7m. Kim et al. [15] improved the efficiency of GSHP
system by coupling with a heat storage tank. The analyses on the op-
erational behavior of heat storage tank and the variations of heat pump
energy performance due to the connection with heat storage tank were
performed in detail. They found that, compared with traditional air
conditioning systems, the energy saving for cooling and heating are
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about 20% and 77% respectively when coupled with the heat storage
tank. Moreover, the energy saving effect is of about 2% for cooling and
about 15% for heating compared to the GSHP system without heat
storage tank.

An integrated simulation framework about GSHP system was de-
veloped by Rui et al. [21]. They modelled all parts of GSHP including
heat pump components, ground and GHEs separately and integrated
simulations of each part to introduce a model for the whole system. A
finite element model was developed which could predict temperature
variations around GHEs. Esen et al. [22] analyzed thermal performance
of a GSHP system based on an adaptive neuro-fuzzy inference system
with a fuzzy weighted pre-processing method in MATLAB. Their
method was shown to be faster and simpler than the existing ones.
Further, to investigate thermal performance of the GSHP systems, dif-
ferent approaches such as artificial neural networks [23], vector ma-
chine [24] have been presented in the literature. A new numerical
modelling approach for the transient temperature distribution in soil
around GHEs was presented by Kayaci et al. [25]. Numerical results
were validated against experimental data and the long-term transient
soil temperature profile was obtained numerically with realistic
boundary conditions using meteorological data. Their results indicate
that for small burial depths (< 1m), the effects of surface conditions
can be seen earlier and therefore the soil temperatures are higher than
for burial depth of 2m and 3 m. Also, when the GSHP system operates
for a long heating period, the average soil temperature in the solution
domain and soil temperature around the pipe decrease by approxi-
mately 2.5 °C, 0.7 °C when Qo = 21 W/m, respectively. Schmidt et al.
[26], investigated central solar heating plants with seasonal storage in
Germany. They described seasonal heat storage system as well as solar
heating plants in detail and concluded that, through integration of the
seasonal heat storage, more than 50% of the annual heating demand for
space heating and domestic hot water can be supplied by solar energy.
Liu et al. [27] designed an experimental demonstration of solar sea-
sonal storage coupling with GSHP system. In their heat storage ex-
periment, a system with 1500 m? solar thermal collectors and 580 sets
of 120m deep GHEs was considered. The results showed that the
system could improve the efficiency of solar energy utilization up to
50.2%.

Central to the wide application of underground heat storage, is
analysis and simulation of the storage medium to aid the design pro-
cess. However, simulation of heat storage in the ground by using
computational packages such as COMSOL [28-30] and ANSYS or
through analytical methods such as Green’s function [31,32] method
can be time-consuming and often involves complex procedures.

Heat exchanger
Environment

Control System $
X
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Therefore, novel, efficient and reliable framework should be developed
to model thermal performance of GSHP systems. To achieve these goals,
ground storage of the thermal energy of exhaust, gasses generated by
combustion of biomass, is modelled numerically. The heat system under
investigation includes U-tube GHEs and storage during warm season
followed by heat extraction in cold seasons. The current work puts
forward a novel accurate and yet simple numerical framework for
evaluation of GSHP system performance by using Engineering Equation
Solver software (EES). In comparison with other simulation techniques,
the developed framework can solve complex problems of GSHP mod-
elling faster and more accurately.

2. System description
2.1. Biomass combustion plant

The investigated combustion system includes a small biomass
thermal plant for the purpose of water heating. Biomass fuel is mixed
with air in the burner and combustion takes place with the assistance of
ignition devices in the combustion chamber [4]. Part of the heat gen-
erated by biomass combustion is transferred to the water through heat
exchangers, whilst the rest are wasted chiefly through the flue gases.
The hot water produced by the boiler is delivered to various thermal
equipment including hot water coils in air handling units, service hot
water heating equipment and terminal units. The mass flow rate it
(kg/s) and temperature T; (K) of flue gas are determined by the boiler
thermal output P (kW), boiler thermal efficiency 7,, flue gas heat loss
percentage 7, excess air coefficient x,;, and the lower heating value of
the fuel LHV (kJ/kg), which can be obtained from an ultimate analysis.

Therefore, the heat of combustion and boiler output is expressed by
the following equations [33],

pP= mfuel'LHV'nt (€D)]

The flue gas heat loss percentage is defined by 7, and therefore the
energy balance for exhaust flue gas can be expressed by [33],

mﬂue‘cp»ﬂue‘(Tf -T) = mfuel‘LHV‘(l - 7},)'77,« 2)

In Eq. (2), T is the temperature of air at the boiler inlet and c,, g is
the specific heat of flue gas.

According to the mass conservation of chemical reactions and boiler
system, the mass flow rate of exhaust flue gas is the sum of feed fuel and
supplied air, which can be expressed as follow,

mﬂue = mfuel + Xair-(Mair )s 3)

Fluid
Tank

Biomass plant
waste heat

Collector

Ground Heat
Exchangers

Fig. 1. Schematics of waste heat storage system.
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Here, (1, )s is the required air flow rate for stoichiometric com-
bustion of biomass fuel burnt.

2.2. Integration of underground thermal energy storage and heat recovery
systems

The waste heat from the flue gases can be utilized beneficially by
storing it in the ground and recovering that through a GSHP system
during cold seasons. The recovered heat can be used to meet the
thermal demands of buildings. Given the carbon neutrality of the bio-
mass combustion as the source of energy, the resultant thermal tech-
nology will be a low-carbon one and is therefore environmentally be-
nign. The key parameters for finding the heat transfer and losses
involved in the storage process are thermal properties of the storage
medium, duration and temperature of storage as well as storage geo-
metry and volume [10,34]. High temperature waste heat coming from
biomass thermal plant is cooled in a heat exchanger by an external fluid
loop. Controllers 1 and 2 control temperature of circulated fluid, which
should not exceed 90 °C (storage temperature, Ts) at the entrance of
GHEs. Fluid is pumped into the ground through 50 m depth U-tube
GHE:s at constant T for three months continuously for waste heat sto-
rage. In this study, U-tube GHEs, as shown in Fig. 1, are employed to
investigate the effects of waste heat storage on the performance of
GSHP system.

After completing the storage process, the stored heat can be re-
covered by GSHP system as shown in Fig. 2. The stored heat is also
extracted from the ground by using U-tube GHEs. In the heat recovery
process, the initial temperature of the ground surrounding U-tube GHEs
is not homogeneous because of the thermal interactions during the
storage process. In this case, more heat is expected to be extracted from
the ground as the temperature difference between U-tube GHEs and
ground is large. Therefore, more heat can be delivered to the building.
As shown in Figs. 1 and 2, control system governs the temperature of
the circulated fluid and their volumetric flow rates. It optimizes and
governs the inlet temperature of heat pump and prevents its inlet
temperature exceeding 40 °C (due to the protection of heat pump) by
passing the extra heat to the inlet of GHE again (through line X in
Fig. 2) [29,35].

2.3. Numerical modelling approach

Thermal performance of U-tube GHEs and efficiency of GSHP is
greatly influenced by the distance between GHEs [30], shank space,
borehole vertical length, major diameter of borehole [36]. All these
parameters should be properly optimized to achieve maximum effi-
ciency. However, dynamic modelling of this storage system using

Heat Pump

Building
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computational software such as COMSOL and ANSYS- FLUENT
[10,28-30,35] or analytical methods [31,32,37] is a difficult and time-
consuming task. To resolve this issue, a novel numerical modelling
framework using EES is developed in this section. The technique can
solve complicated problems of GHEs modellings in short time (less than
20 s using single CPU). The numerical modelling consists of two main
parts of modelling of the ground and fluid flow inside the U-tube. After
separate investigations of each part, they will be coupled with each
other to form a unified framework.

2.3.1. Implicit modelling of ground

Time dependent boundary conditions are a frequently encountered
problem in transient modelling of thermal systems. The transient
boundary conditions and the complicated geometry of GHEs hinder
investigation of GSHP system performance by mathematical modelling
except for the high-fidelity numerical techniques [31,32,37]. An im-
plicit method is employed in this study due to some of its advantages. In
explicit methods, the stability of the calculations is governed by the
selection of x and t, however no such restriction is imposed on the so-
lution of equations in implicit methods. This means that larger time
increments can be selected to speed up the calculations. Although in
implicit methods the number of iterations is generally large, problem
can be still solved very fast with no restriction [38].

Inside the U-tube GHEs, heat is mainly transferred by convection
and conduction. As shown in Fig. 3, the borehole and ground are di-
vided into nodes in i and j directions.

In point 1 heat is transferred by convection since there is fluid flow
inside pipes, and in later points (2, 3, 4 ...) heat is transferred by
conduction by assuming that the borehole is situated above the water
table. Transient behavior of each point is investigated by numerical
solutions of one-dimensional unsteady condition and convection pro-
blems. 1 denotes the average value of inlet and outlet fluid tempera-
tures (7}, = M) where T; is assumed to be constant value
[10,35]. Temperatures of points 2, 3, 4 ... (m) which vary as time passes
are evaluated by using the following implicit equation:

T&; - Ti?j Ti1+1J + Til—l,j - ZT&/ Ti{j+1 + ng—l - Zsz .
= + (for i
a-t Ax? Ay?
=1 tom) (forj=1ton) 4

where m and n are horizontal and vertical numbers of nodes, « is
thermal diffusivity of the ground, t is time and Ax and Ay are horizontal
and vertical distances between nodes (shown in Fig. 3).

In the first part of the current work, initial temperature of all nodes
is assumed to be the same is the ground temperature (T,). That is

Fluid Tank

Control System #
<

Heating mode

Collector

Ground Heat
Exchangers

Fig. 2. Waste heat recovery system.
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Fig. 3. Single U-tube GHE application area.
Tl"j =T, (fori=1tom) (forj=1ton) 5) role in thermal performance of U-tube GHEs and is calculated based on

Eq. (4) shows that, temperature of any location in the ground (ng)
can also be affected by the ground surface temperature (7)) which is
usually the annual average temperature of the storage site.

Ti{O = Tsurface (fOl" i=1to m) (6)

Borehole wall temperature (Ty,) is another significant parameter,
which needs to be considered in the numerical approach. Ty, varies in
different time steps and wall temperature of each segment (Ty,;) is
assumed to be the average value of all horizontal nodes of that segment.
Expectedly, increasing the number of nodes leads to more accurate
model. Ty, is determined by:

1 n
TWX,-:szﬁj (for j = 1 to n)
nia 7
where n is the number of nodes. In the current study 240 nodes with
0.1 m distance are employed, based on a previously published work
[28,30]. Further, diffusivity of heat is decreased significantly in far
distance from the borehole wall (specially more than 6 m) [28,30].

2.3.2. Empirical modelling of the thermo-hydraulics of the flow inside pipes

Experimental results of the fluid flow and heat transfer inside the U-
tube GHE:s are usually expressed in the form of empirical correlations. A
large number of empirical relations for pipe and tube flows under dif-
ferent flow configurations can be found in the literature [38]. In this
study, an accurate empirical formula, expressed by Eq. (7) [38-40], is
used.

_ f+Req-Pr/8
T 12.7-((f/8)°5)-(Pr¥3 — 1) + 1.07 8)

Nud

where f is friction factor and is calculated by;

f=11.82:In(Rey) — 1.64]2 9
and Req is Reynold number given by:

pf'ud’di

o (10)

Red =

ug is the fluid velocity (m/s) and d is the pipe diameter (m). It is im-
portant to note that the thermophysical properties of fluid flow in-
cluding Prandtl number, density, viscosity, thermal conductivity and
heat capacity are not set to constant and dependent on the flow con-
ditions in the modeling, which could enhance accuracy of the devel-
oped framework.

Heat transfer coefficient of fluid, ks (W/m>.K) plays an important

Nuy given in Eq. (8). General definition of Nusselt number renders
_ Nud. kf
T od an

where k¢ is thermal conductivity of fluid and d is the internal radius of
the pipe.

hy

2.3.3. Calculation of heat transfer rate in the U-tube

Ground implicit model and empirical model of fluid flow inside the
pipes should be coupled to investigate dynamic thermal behavior of
GHE and calculate heat transfer rate. There are two ways to calculate
the heat transfer rate inside the U-tube. Firstly, since there is no phase
change in the fluid, the heat transfer rate can be determined by the
following thermodynamic equation;

Q [W]= my. Cpf. (Tinter — Toutter) 12)

Secondly, it can also be calculated by accounting for convective heat
transfer through the following equation;

T+ T;
(W1 = hy. . dLgg| T — #)) i=1,2
QWl=hen g( J ( 2 (J n) (13)

where

Lo = a4
and T,; is the borehole wall temperature in each j segment and is
calculated by Eq. (6). Total heat transfer rate of U-tube GHE is sum of
heat transfer rates of each j segment (Eq. (15)).

2n
QW= Q
=1 (15)

Heat transfer rate per unit vertical length of GHEs is defined by;

Q
where L [m] is the vertical length of U-tube GHE.

As shown in Fig. 4, to increase the accuracy of numerical solution U-
tube GHE is discretized into the 2n segments such that the outlet of each
segment is the inlet of the next one. This method highly increases the
precision of Egs. (7) and (12).

In order to investigate the thermal behavior of GSHP system, all
discussed Egs. (4)-(15) need to be solved simultaneously in the same
network. They are coupled with each other using Engineering Equation
Software (EES) which has thermo-physical databank for different types
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Outlet Inlet Toutlet Tinlet Table 2
' ‘ Physical properties, operating and boundary conditions of case 1 [36]
Parameter Value Definition
T 0.0133 Internal radius of PE pipe [m]
T2 To 0.016 External radius of PE pipe [m]
L 50 Vertical length of U-tube GHE [m]
T2 D 0.2 Major diameter of GHE [m]
kp 0.4 Thermal conductivity of PE [W/m.K]
ks 3.1 Thermal conductivity of soil [W/m.K]
T3 Ug 0.48 Fluid velocity in pipes [m/s]
=1, 2n T 40 Average fluid inlet temperature [°C]
! T Tg 17 Undisturbed ground temperature [°C]
3
T, 130 -
T 120 4 «++« Numerical Results
! - - - Experimental and numerical results by Aydin and Sisman [36]
110 1
T
n+1 Tjﬂ
100 4
Tn¢1 E
Tn-1 ?
U, : -
= \
T a o \
LAY
T " 804 .
Fig. 4. Discretized pipe model. R T
70 TRreaa,
A e T T, e eeas
it L e
of working fluid and is one of the most useful environments for solving 60
thermodynamic and heat transfer problems. Framework developed in 0 2 4 6 8 10 12
EES for this study consists of more than 9000 variables and equations Time (week)

which are solved simultaneously. Table 1 summarizes the boundary and

. .. . . Fig. 5. Model validation, case 1.
working conditions and the numerical modelling approach. 8

3.1. Model validation, Case 1
3. Validation of the newly developed numerical model
Long term performance of a borehole with a single 1U tubes has

The accuracy of the developed framework is investigated by com- been investigated by Aydin and Sisman (2015) [36]. Physical properties

paring against the results from the literature [31,36]. and operating conditions reported by them are given in Table 2.
By applying the same operating conditions presented in Table 2,

Table 1
Detail definition of different parameters.

Boundary and working conditions Descriptions

It is the average initial temperature of the application area.

It will be changed after GSHP start working.

It is equal to ground initial temperature (Ty)

Temperature distribution is uniform.

Eq. (5)

It shows real temperature of different points in the ground (i,j) shown in Fig. 3.
It is variable and will be changed after start of the procedure.

It should be calculated and updated by using Eq. (4) in each time step.

It is the average of weather temperature in installation site.

It is assumed to be constant.

Referring to Fig. 3, T,-fn is constant and equal to Tguface-

Eq. (6).

It is the average wall temperature of the borehole in each row (j).

It is variable and will be changed after start of the procedure.

It isnassumed to be equal to the average value of real temperature of the ground (T,{,) in each row (j) at each time step

¢ 3.
i=1

Eq. (7).

It can be simply calculated by inlet and outlet fluid temperature differences (Eq. (12))

Inlet fluid temperature (Tiqe) is assumed to be constant

Outlet fluid temperature is variable and has to be calculated at each time step

It should be calculated by Eq. (13)

To calculate heat transfer coefficient of the fluid (hg), Egs. (9)—(11) should be solved together.

To increase the accuracy of the calculations, U-tube GHE is divided into the segments (Fig. 4)

It is variable and changed during the operation

It is shown in Fig. 4.

To determine T; at each time step, all equations from 4 to 16 should be solved together (equations network)

Initial Temperature of application area (Tl-?}-)

Real temperature of various points in the ground (Tllx] )

Ground surface temperature (Tsurface = T,%O)

Borehole wall temperature (Ty,;)

Total heat transfer rate of the borehole (Q;)

Temperature of the fluid in each segment (T;)
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long-term performance of a single 1U borehole GHE is evaluated using
the newly developed equations network framework. Fig. 5 depicts that
the results of the numerical model are in excellent agreement with
those of Aydin and Sisman [36].

3.2. Model validation, Case 2 and 3

The experimental and numerical results presented in Ref. [31] are
also used to validate the developed framework. Dehghan B. and Kukrer
[31,32], developed 1D and 2D analytical solutions based on Green’s
function. These works showed that although Green’s function based
methods are useful, they are complicated and time-consuming. The
operating conditions and physical properties are as shown in Table 3
and the results of validation are shown in Fig. 6.

Fig. 6 shows that the results are in good agreement with each other.
The compared results clearly demonstrate that the developed numerical
framework can be an accurate, reliable and fast alternative to the
computational and complex analytical solutions. Thermal performance
of GSHP system can be determined as well as temperature of any point
inside the ground, while the outlet fluid temperature of GHE can be
evaluated at different time steps. Furthermore, this framework has the
possibility of adding more GHEs and investigating the effects of various
parameters such as number of GHEs and the distance between them
upon the efficiency of GSHP system. It also gives the option of ex-
tending the equations network to 2D and 3D analyses, which highly
reduces the simulation time.

3.3. Comparison between different approaches

To further demonstrate the relative merits of the developed nu-
merical approach, numerical results of case 2 are compared with the
ones obtained by Green’s function method [31,32,37], g function ap-
proach [37] and COMSOL environment [10,28-30,35] under the same
working conditions. As already discussed, the developed numerical
method is simple, reliable and fast. There is no need for high speed
computers and it can be used in open sources software such as python.
However, the complexity of 1D and 2D Green’s function and g-function
approaches can be seen in Ref. [31,32] and the work of Man et al. [37].
COMSOL [10,28,29,35], TRNSYS and ANSYS Fluent are useful, how-
ever, their processing time is long and they are often expensive.

Fig. 7 shows the thermal performance of a single U-tube GHE (case
2) calculated by two different methods. Also, the processing time of
each method is shown and R? (goodness of fit) values are calculated by
referring to experimentally validated numerical results [31]. As shown,
the developed numerical approach is the faster with an acceptable R>
value (0.985). It is important to note that, to avoid any deviation from
the main objectives of this research, only results of different approaches
have been given and more details can be found in the previously
mentioned Refs. [28-32,35-37]

4. Numerical modelling of biomass waste heat storage process
4.1. Calculation of the biomass combustion plant

Here, the biomass fuel is Pine pellets for which the physical and
chemical properties are listed in Table 4. Based on the ultimate analysis
(dry ash free based), the chemical formula of the biomass fuel can be
expressed as CHygyOpg4. Therefore, the stoichiometric combustion re-
action is given by:

CHo 890004 + 1.0025-(0; + 3.76N,) = CO, + 0.945H,0 + 3.7694N,
a7

In practice combustion systems operate with excess air to ensure
complete combustion and avoid formation of pollutants. The excess air
coefficient is x,;,, the chemical reaction becomes:
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CHy.8900.94 + Xgir-1.0025-(0, + 3.76N,)
= CO; + 0.945H,0 + 3.76N, + (xg;r — 1)-(O; + 3.76N,) (18)

Considering the operational parameters of the biomass boiler,
taking that the excess air coefficient is 1.4, the boiler thermal efficiency
is 0.65, and the flue gas heat loss percentage is 0.29 [41,42]. Therefore,
the temperature and mass flow rate of flue gas were obtained under
different boiler output powers by applying Egs. (1)-(3). The results are
summarized in Table 5.

In the rest of this study, the boiler with 1000 kWt output is con-
sidered.

4.2. Waste heat storage process and analysis

Section 4.1 implied that in a biomass combustion system large
amount of high temperature heat is wasted into the environment. This
wasted high quality thermal energy can be used efficiently by supplying
heating demands of buildings. The performance of a GSHP system can
be significantly increased through waste heat recovery from the bio-
mass thermal plant. In the considered biomass combustion plant, heat is
wasted into the environment at 485.9 K and flow rate of 0.773 kg/s and
the goal is to cool the flue gas to 300 K. In this study, water is chosen as
the coolant fluid and as shown in Fig. 1, storage temperature should not
exceed 90 °C. To ensure about this, controllers have been implemented.

Operating conditions as well as boundary conditions given in
Table 6 are applied to simulate storage process in the ground [10]. For
the specific case study and based on the calculations presented in 4.1, to
be able to cool exit waste heat temperature down to 300K, at least 4
units of GHEs are needed (n = 4) which should be placed 7 m apart
from each other. Different case studies with various storage tempera-
tures, flow rates, etc. can be investigated by using the framework pre-
sented in this work.

Fig. 8 indicates multiple U-tube GHEs which are used for heat in-
jection and extraction in this work. During the storage process, fluid
(water) is pumped into the ground at a constant temperature 90 °C with
constant flow rate of 0.355kg/s [10,28]. Temperature of the ground
around GHEs is homogeneous and the average value is 18°C. By
pumping water at 60 °C into the ground, heat is transferred by con-
duction from the borehole wall into the soil (ground). Therefore, tem-
perature of the soil around GHEs starts increasing. Investigations show
that, the ground temperature is not highly affected by the distance
between U-tubes when it exceeds 6 m during the storage process.
Therefore, second, third and fourth etc. GHE can be placed with 6 m
distance between them as shown in Fig. 8. When the number of GHEs is
more than one, the related boundary conditions should also be revised
in the equation network.

Fig. 9 shows the maximum amount of heat that can be stored in the
ground versus time (3 months storage) under three different storage
temperatures (90 °C, 50 °C and 40 °C). It is obvious that, a significant
amount of heat can be stored and recovered. During 3 months non-stop
storage process, average stored heat in the ground (g;) is 83.15, 75.77

Table 3
Physical properties, operating and boundary conditions of case 2 [31]
Parameter Value Definition
Ti 0.014 Internal radius of PE pipe [m]
To 0.017 External radius of PE pipe [m]
L 50 Vertical length of U-tube GHE [m]
D 0.2 Major diameter of borehole GHE [m]
kp 0.45 Thermal conductivity of PE [W/m.K]
ks 1.8 Thermal conductivity of soil, case 2 [W/m.K]
ks 2.32 Thermal conductivity of soil, case 3 [W/m.K]
me 0.31 Fluid flow rate in pipes [kg/s]
T 30 Average fluid inlet temperature [°C]
Ty 16 Undisturbed ground temperature [*C]
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Fig. 6. Model validation, (a) case 2 (b) case 3.

and 70.40 W/m when storage temperatures are 60 °C, 50 °C and 40 °C,
respectively. As expected, the amount heat storage decreases as the
time passes due to the thermal interactions between the borehole and
its surrounded soil. Temperature of the ground around the borehole
increases which leads to a non-uniform temperature distribution
around boreholes.

Fig. 10 indicates time dependent temperature variations along line
x-x (middle depth) between two adjacent boreholes corresponding to
60 °C storage temperature. As expected, temperature of the soil around
the boreholes increases as the time passes. Here, 60 nodes with 0.1 m
distance between them are applied (distance between boreholes is
60 x 0.1 = 6 m). Decreasing distance between boreholes (d) leads to
strong thermal interactions between them and this issue causes per-
formance losses in the system [28,30]. Temperature variation between
boreholes 2, 3 and 4 is the same as that shown in Fig. 10 due to the
symmetric behavior of the application area.

5. Waste heat recovery through ground source heat pump

In this section, thermal capacity of the application area which
consists of 4 U-tube GHEs after completing storage process discussed is
investigated. Stored heat is recovered and delivered to the building to
supply heating demands through GSHP system. For this purpose, eva-
porator of the heat pump should be heated by an external GHE loop and
condenser connects to the building in heating mode. To extract stored
heat, fluid (in this study, water) is pumped into the ground at ap-
proximately 1 °C under the most critical operating conditions (3 months
non-stop operation) and then extracted heat is delivered to the building
by the heat pump. Under these conditions, temperature of the ground
around the boreholes is not homogeneous which means Eq. (5) is not
valid in that area. To be able to analyze thermal process of the ground

100 4
_ * # » » Curmrent study
95 1 === Green'sfunction results
90 A == == COMSOL Results
g function method results
85 4 — Experimentally validated numerical m ethod
S0

qL(W/m)

Time (month)

(@

Table 4
Characteristics of Peach Stones [41]

Proximate analysis (received)

Moisture (%) 7.1
Volatile (%) 75.6
Fixed Carbon (%) 15.9
Ash (%) 1.4
Ultimate analysis (dry ash free basis)

C 46.39
H 5.97
o 47.64
Heating value dry fuel (MJ/kg) 15.8

after storage, the average initial temperature of each node shown in
Fig. 8 around GHE:s is defined to be equal to their last value at the end
of the storage process (at the end of 2160h operation), as shown
Fig. 10. Table 7 presents the working conditions of the storage and
extraction systems.

In the equations network the total extracted heat from ground is
defined as;

4

o)
q, [W/m] = zqk = ka
k=1

k=1

19

where n is the number of boreholes.

Fig. 11 illustrates the total extracted heat transfer rate from the
ground (g.) by four borehole GHEs (shown in Fig. 8) per unit length of
borehole (W/m) in heating mode (in heating mode it is assumed that
average Tine Shown in Fig. 4 is about 1 °C). For the current case study,
the amount of heat extracted from the ground increases by 7.6%, 14.4%
and 23.7% per unit length of the borehole when the storage tempera-
ture is 40 °C, 50 °C and 60 °C, respectively. These values are evaluated

R?=0.972
1200
g
3 1000
3
< 800
2 R?=0.995
2600
g
g 400
& 200 } R2=0.973
R*=0.985
, -
Current study g function Green's COMSOL
function
Approach
(®)

Fig. 7. Comparison between different approaches applied to a single U-tube GHE, Case 2, (a) thermal performance (b) process time and R squared values.
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Table 5
Mass flow rate and temperature of fuel gas.
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Boiler output power P (kW)  Mass flow rate of fuel riye (kg/s)

Mass flow rate of air rig;r (kg/s)

Mass flow rate of flue gas myy. (kg/s) Temperature of flue gas Ty (kg/s)

400 0.039 0.271 0.310 485.5
600 0.058 0.402 0.460 485.9
800 0.078 0.541 0.619 485.8
1000 0.097 0.676 0.773 485.9
1200 0.117 0.812 0.929 485.7
Table 6 160
. . P eees Ts=60 °C
Different properties of storage supplication area. 1
initi : - - Ts=50°C
Parameter Value Definition 140 .
i - . =Ts=40 °C
T 0.014 Internal radius of PE pipe [m] .
Ty 0.017 External radius of PE pipe [m] °-_
L 50 Vertical length of U-tube GHE [m] E 120 b
D 0.2 Major diameter of borehole GHE [m] § ‘\ .°,
kp 0.45 Thermal conductivity of PE [W/m.K] E v
ks 1.8 Thermal conductivity of soil/ground [W/m.K] 100 \\ ".'
my 0.355 Fluid flow rate in pipes [kg/s] v N Seo,
T 60 Average fluid inlet temperature [°C] @ S - '
Ty 18 Undisturbed ground temperature [C] 80 '~ - ==
N 4 Number of needed U-tube GHEs =
d 6 Distance between U-tube GHEs [m]
t 2160 Storage Time [h] 60 T v g v
0 500 1000 1500 2000
Time (hour)
under the most critical working condition (3 months non-stop opera- (2)
tion) and the real performance is better than the results given in Fig. 11
due to the intermittent operation of GSHP system. Amount of heat that 120
can be delivered to the building is depended on the heating Coefficient 60 °C
of Performance (COP) of the heat pump and the vertical length of GHEs.
Based on the buildings’ need and maximum available budget, these B
parameters can be optimized. £ 170 50 °C
Temperature distributions in the ground are essential for calcula- "‘;
tions of heat losses of the buildings to the ground and design of relevant 2 40 °C
equipment [43]. Fig. 12 presents the temperature distribution in the 5]
. . . . o
ground along line x-x at the beginning and at the end of extraction g 150
operation. This figure shows that the initial temperature of the ground )
(t = 0) after the storage process is not homogeneous and it depends on
different parameters such as storage temperature, distance between
nodes (x), distance between boreholes (d), etc. 130

As discussed in the previous section and in Fig. 4, temperature of
fluid flowing through the pipe is different in each segment. Fig. 13 il-
lustrates fluid temperature variations inside the pipe in different seg-
ments (T;j = 1,n). The pipe has been divided into 40 segments and fluid
temperature variations are shown versus three different operation
times. As the time passes, temperature differences between each two
segments declines due to the saturation of surrounded ground heat

Inlet  Outlet Inlet  Outlet

Inlet  Outlet

(b)

Fig. 9. The rate of stored heat in the ground by a single GHE.

capacity. Accordingly, borehole wall temperature variations are shown
in Fig. 14. Based on the results, borehole wall temperatures calculated
by Eq. (6) are different at each segment.
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Fig. 8. Multiple U-tube GHEs application area.
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Fig. 10. Temperature distribution around GHEs along line x-x during the storage process.

Table 7
Operating conditions of the storage/extraction systems during waste heat re-
covery process.

Parameter Value Definition

ri 0.014 Internal radius of PE pipe [m]

T 0.017 External radius of PE pipe [m]

L 50 Vertical length of U-tube GHE [m]

D 0.2 Major diameter of borehole GHE [m]
kp 0.45 Thermal conductivity of PE [W/m.K]
ks 1.8 Thermal conductivity of soil [W/m.K]
my 0.355 Fluid flow rate in pipes [kg/s]

T 1 Average fluid inlet temperature [°C]
n 4 Number of needed U-tube GHEs

d 6 Distance between U-tube GHEs [m]
ts 2160 extraction Time [h]

Another important parameter which can affect the performance of
GHEs, is the average ground surface temperature. To investigate the
effects of ground surface temperature on the thermal performance of
GHEs, the amount of possible extracted heat from the ground is cal-
culated for the range of —10, 20°C average ambient temperature.
Based on the results given in Fig. 15, thermal performance of GHEs will
not be significantly affected by the ground surface temperature when
L > 50 m. When vertical length of U-tube GHE is 100 m, the amount of
extracted heat from the ground varies for less than 2% over —10, 20 °C
range of ambient air temperature. Results also show that, surface
ground temperature can play an important role on the thermal per-
formance of shallow GHEs such as helical and slinky.

For further clarification of the numerical approach, solution steps
are listed below:

(1) For storage process, at the beginning system is under equilibrium
and temperature distribution of the application area is uniform (Eq.
(6))

(2) First, through Egs. (1)—(3), (17)-(18), mass flow rate and tem-
perature of biomass waste gases should be calculated.

(3) Using mass flow rate and temperature of waste heated gases cal-
culated in step 2 as an inlet conditions of GHEs (Figs. 1, 3, 4 and 8,
Tinleb mf)'

(4) Egs. (4)—(16) and (19) have to be calculated simultaneously (as a
equations’ network) by knowing initial and boundary conditions
such as ground surface temperature, inlet fluid temperature, soil
average temperature.

(5) The rate of stored heat in the ground (gs) should be calculated as
well as temperature distributions around GHEs (Eq. (16), Figs. 9

10
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Fig. 11. Effects of storage process on thermal performance of GHEs (n = 4).
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(6) For extraction and recovery of stored heat, temperature distribution
in the ground is not uniform anymore and it has to be updated
(Fig. 12).

(7) Mass flow rate and temperature of the fluid coming from building
and GSHP system should be defined and set as a new inlet condi-
tions of GHEs (Figs. 2, 3, 4 and 8, Tinter, Mp).

(8) Egs. (4)-(16) and (19) should be calculated simultaneously again
by applying new initial and boundary conditions.

(9) Amount of extracted heat from ground (g.) should be determined
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demands of buildings. In Fig. 16 the amount of recoverable waste heat
of different biomass combustion plant with different installed capacity
(0.5-10 MW) versus two different numbers of U-tube GHE (n = 1 and
4) has been shown. Waste heat recovery ratio is the amount of re-
covered heat divided by the total wasted heat of the biomass plant.

In almost all combustion systems a fraction of heat generated by
burning fuel is wasted by flue gases to the atmosphere. Burning fossil
fuels results in emission of CO, and thus wasting thermal energy in-
tensifies the emission of greenhouse gases. For those systems which
burn biomass, waste of heat is essentially waste of renewable fuel and is
therefore an environmental burden. The underground storage system
introduced in this work offers an efficient way of storing a significant
fraction of the heat that is normally wasted from the chimney. The
preceding analyses showed that for the 1 MW combustion system under
investigation between 30% and 100% of the waste heat can be suc-
cessfully recovered and delivered to buildings for space heating pur-
poses. This range can be made even wider by implementing larger
number of boreholes. Assuming an average recovery rate of 65%, it can
be readily shown that the recovered heat saves emission of almost 1ton
of CO, per day, in comparison with the case of burning natural gas for
supplying heat to the buildings. If the heat is to be supplied by biomass
combustion approximately 700 kg of biomass should be burned per day.
Clearly, higher storage capacities applied to bigger combustion plants
will result in larger heat recovery and can further reduce the CO,
emissions and save biomass. It is essential to note that the calculations
throughout this work were conservative and improvements in heat
exchangers efficiency and the specifications of boreholes can readily

Storage of heat wasted by a biomass combustion plant and heat
recovery by using ground source heat pump were investigated. Results
showed that a considerable amount of waste heat can be recovered and
delivered to buildings. A novel, fast, highly accurate and yet simple
numerical modelling framework developed in EES environment could
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Fig. 12. Temperature distribution around GHEs along line x-x during recovery process.
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(Eq. (19)) as well as heat that will be delivered to the building

(Fig. 11).

6. Heat recovery performance and CO, reduction

Results of this study show that a considerable amount of waste heat
can be recovered and beneficially used for meeting the heating

11

solve the complicated problems of GHEs modellings in a short time (in
less than 205). Results showed that for 3 months continuous storage
processes the average rate of heat storage in the ground (g;) is 83.15,
75.77 and 70.40 W/m when the storage temperature is 60 °C, 50 °C and
40 °C, respectively. For the considered biomass combustion plant, the
amount of extracted heat from ground increases by 7.6%, 14.4% and
23.7% per unit length of the borehole corresponding to 40 °C, 50 °C and
60 °C storage temperatures. Based on the results, it is recommended to



B. Dehghan B., et al.

Fig. 15. Effects of average surface temperature on the amount of extracted heat
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use

60 °C as storage temperature for which at least 23.7% more heat can

be extracted.
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