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Abstract: 
Ground-source heat pumps (GSHPs) are popular for space heating in residential buildings. These systems 
typically involve a water/water heat pump (HP) and a Borehole Heat Exchanger (BHE). Certain operating 
constraints must be taken into account when analysing these systems. For instance, excessive heat extraction 
from the BHE could lower the ground temperature resulting in low operating efficiency of the HP. Moreover, 
for older buildings the load-side operating temperature of the HP is much lower than the distribution 
temperature required by the space heating circuit. Hence, auxiliary technologies such as gas boiler and 
stratified daily storage tank are needed to fulfil the building's heating demand at the required temperature. This 
necessitates a systemic analysis of the GSHPs with relevant operational constraints. Traditional approaches 
focusing on the operation of such systems, provide a fundamental treatment to the GSHPs, often neglecting 
the thermal behaviour and limitations it puts on the BHE and the HP. 
  
This study describes a methodology for integrating the detailed thermal behaviour of a BHE coupled with a HP 
within an optimization of the operation of a residential building’s heating system. A MILP consisting of a GSHP, 
a gas boiler and daily thermal storage is described including operating constraints related to the BHE heat 
extraction and operating fluid temperature. The optimization minimizes the system's operating costs. The 
temperature levels of heat production and delivery for each technology are added as additional constraints 
and are managed through the implementation of a stratified storage tank. The methodology is applied to a 
Swiss residential building. The operation of the BHE is analysed through the evolution of the operating fluid 
temperatures and the heat extraction from the ground. The effects of the BHE operation on the HP and other 
system components are thoroughly studied.  
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1. Introduction 

The recent increase in the collective political will towards combating climate change has lead 

governments at national and local levels to design policies that encourage renewable energy 

technologies in various sectors such as transport, buildings, industry etc. The Energy Performance of 

Buildings Directive (EPBD) of the European Union (EU) prescribes the use of decentralized 

renewable energy systems for electricity, hot water and heating services [1, Article 6]. Furthermore, 

it proposes the appropriate dimensioning, installation and control of the building systems in order to 

optimise the energy use within buildings [1, Article 8]. In the backdrop of such political measures 

market incentives such as feed in tariffs, subsidies, tax exemptions etc. have been placed which 

increase the rate of diffusion of renewable energy technologies into the market. Some of the most 

common technologies that are used for integration within residential buildings are solar thermal 

collectors and ground source heat pumps (GSHPs). These are ideal for space heating and domestic 

hot water application and have considerably less carbon dioxide emissions as compared to their fossil 

fuel based counterparts [2]. GSHPs typically consist of a water/water or brine/water HP, coupled to 

a vertical borehole heat exchanger (BHE) on the source side and the building’s internal heat 

distribution system on the load side. The length of the BHE is the primary design parameter and must 

be appropriately dimensioned to satisfy the given heating demand of the building. In scenarios where 
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this is not possible due to reasons such as drilling depth restrictions, costs limitations etc., there are 

chances that the system does not operate as intended. An under dimensioned BHE may result in 

excessive power consumption by the HP, leading to expensive or part load operation. This 

necessitates the installation of additional backup technologies such as gas boilers, electric heaters etc. 

resulting in a system of multiple interacting technologies. The heating demand of the building can be 

shared amongst them optimally. The modelling of the optimal operation of such an integrated system 

could provide key inputs to the design process leading to its refinement.  

During the operation of the GSHP, heat extraction from the BHE reduces the temperature of the 

surrounding soil locally. As an effect, the source side temperature of the HP declines lowering its 

operating efficiency with time. In severe cases, the soil surrounding the BHE can freeze dropping the 

efficiency further. The ground carries the ability to recharge itself due to its high thermal capacity 

especially when the HP is switched off or operating at part load. Therefore, the operation of the HP 

is tightly coupled to the ground thermal behaviour and must be modelled accurately. Furthermore, 

maintaining the consistency between the temperatures at which heat is produced and delivered is also 

of significance for the efficient operation of the system. The buildings internal heat distribution 

system may require temperatures higher than the maximum temperature that the HP can deliver while 

maintaining its efficient operation. This is true especially for buildings with relatively older 

construction and thermally weak façade insulation. Therefore, the representation of the temperature 

levels for each technology in the total energy balance of the system is of significance.   

1.1. Previous work 

The modelling of the thermal behaviour of the ground for the design and operation of GSHPs has 

been studied in depth [3–12]. Most of these models are focussed on mathematical modelling and 

numerical simulation of the GSHP combined with other technologies such as solar thermal collectors 

[3,6–8,11,12] and some are targeted towards the optimization of the GSHP and the BHE itself [4,5,9]. 

Combined spatial and temporal superposition of the infinite line source solution for the field of BHEs 

is applied by [9] to optimize their simultaneous operation through a linear programming formulation. 

The study focuses on the BHE operation therefore, the HP is omitted. The temperatures within each 

BHE are calculated and optimized for an efficient HP operation. Sanaye et. al [5] include a detailed 

representation of the HP combined with a BHE in their linear programming formulation to minimize 

the total costs of operation. Their focus is on a full mathematical representation of the HP including 

the refrigerant cycle through the modelling of its components. The thermal behaviour of the BHE on 

the other hand is modelled using a simplified steady state heat transfer model. Although this model 

proves helpful in maintaining linearity and hence, better computational times, it may not accurately 

represent the BHEs thermal response.   Retkowski et.al [4] describe a mixed integer non-linear 

programming formulation of the GSHP with an emphasis on its application in space heating for 

buildings. The thermal behaviour of the BHE is modelled through the use of an exogenous parameter 

representing maximum heat extraction rate based on the soil properties. The HP is modelled using an 

equation fit method that utilizes manufacturer’s catalogue data. Investigations have also been 

performed on the integration of GSHPs pumps in building energy systems[13,14]. These studies use 

very simplified models of the GSHPs based on Carnot efficiency and conversion factors. This is 

mainly due to the large size of the problem and maintaining a linear formulation. Other studies on 

optimization of building integrated energy systems model air source HPs instead of GSHPs [15–17]. 

The aforementioned studies enumerate detailed thermal models of GSHPs applied to specific 

applications with focus on the HP itself or simplified models used in the energy system optimization 

of buildings. There is a general lack of studies which combine the detailed thermal model and energy 

system optimization in buildings.  

This study describes a methodology which introduces a detailed thermal model of the BHE and the 

HP into the optimization of an integrated energy system of a residential building through a MILP 
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formulation. The aim is the accurate representation of the BHE’s thermal behavior and to analyse its 

effects on the operation of the building’s heating system especially the HP.  

2. Methodology 
2.1. Overview 

An integrated system consisting of a BHE, a HP, a natural gas boiler and a stratified daily thermal 

storage tank is modelled as a MILP formulation. Fig. 1 provides an schematic overview of the heating 

system and the interconnections between the above mentioned technologies. The gas boiler and the 

HP can draw cold water from the layers of the storage tank and deliver it to the hotter layers. The 

space heating circuit of the building draws hot water from the storage tank and returns cooled water 

at a certain specified level. The amount of water in each layer of the tank can vary temporally based 

on the balance between the supply and the demand sides. The BHE loop is operated at a nominal 

mass flow rate which is maintained constant whenever the HP is operating. The gas boiler and the 

HP import gas and electricity from the respective grids. The model is implemented in the MATLAB 

environment and is solved using the cplex sovler.  

 

 
 

Fig. 1: Schematic representation of the building energy system 

2.2. Objective 

The objective of the optimization is to minimize the total operating costs of the system over the 

specified time horizon. The costs are incurred by the system through import of electricity (𝒑̇ 
𝑯𝑷,𝒕
𝒈𝒓𝒊𝒅,𝒆𝒍) 

from the electricity grid to be used by the HP’s compressor and through the import of natural gas 

(𝒑̇ 
𝑮𝑩,𝒕
𝒈𝒓𝒊𝒅,𝒈) from the gas grid to be used by the gas boiler. The objective function (𝑂𝑏𝑗) to be minimised 

is given by (1) where 𝑝𝑔𝑎𝑠 and 𝑝𝑒𝑙𝑒𝑐 are the respective prices for gas and electricity. 

 

𝑂𝑏𝑗 =  𝒑̇ 
𝑯𝑷,𝒕
𝒈𝒓𝒊𝒅,𝒆𝒍𝒆𝒄 . 𝑝𝑒𝑙𝑒𝑐 + 𝒑̇ 𝑮𝑩,𝒕

𝒈𝒓𝒊𝒅,𝒈𝒂𝒔 . 𝑝𝑔𝑎𝑠      (1) 
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2.3. Constraints  

The constraints for each of the technologies are described below. The decision variables in the model 

are marked bold. All the variables are constrained to have non-negative values unless otherwise 

stated.  

2.3.1 Daily thermal energy storage (TES) 

A stratified daily thermal storage tank is modelled using the state of the art model developed by [18] 

and further modified to suit building energy systems by [19]. The storage tank consists of (𝑛𝑙) distinct 

layers each containing water at a fixed temperature. A mass flow of cold water (𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕
𝒄 ) can be 

routed from a layer at temperature, 𝑇𝑙−1 to the next hot layer at temperature, 𝑇𝑙 by passing it through 

the HP or the gas boiler supplying heat (𝒒̇ 
𝑻𝑬𝑺,𝒍,𝒕
𝒄 ) given by (2). On the other hand, a mass flow of hot 

water (𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕
𝒉 ) can be routed from a hot layer at temperature, 𝑇𝑙 through the space heating circuit to 

the cold layer at temperature, 𝑇𝑙−1 delivering heat (𝒒̇ 
𝑻𝑬𝑺,𝒍,𝒕
𝒉 ) to the building given by (3). Each layer 

exhibits a heat loss to the ambient 𝑇𝑎 which is modelled as a mass flow (𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕
𝒍𝒐𝒔𝒔 ) going from 𝑇𝑙 

to 𝑇𝑙−1 losing 𝒒̇ 
𝑻𝑬𝑺,𝒍,𝒕
𝒍𝒐𝒔𝒔  amount of heat given by (4). The losses are also dependent on the surface area 

of each layer (𝑨𝑻𝑬𝑺,𝒍,𝒕) and the specific heat transfer coefficient (𝑈𝑇𝐸𝑆). The ambient temperature is 

set equal to the temperature of the bottom layer to avoid losses providing mathematical consistency 

to the model. For a given height (𝐻𝑇𝐸𝑆) and diameter (𝐷𝑇𝐸𝑆) of the tank, (5) hold, where 𝒎̇𝑻𝑬𝑺,𝒍,𝒕 is 

the mass of water held by each layer at time step t. (6) express the mass balance for each layer and 

time step of the tank which implies an energy balance. The temperature difference between successive 

layers of the tank is assumed constant at 10K to maintain linearity in the MILP formulation. It is 

required by the thermal storage tank to return to its initial state at the end of the time horizon. This is 

represented by the cyclic constraint (7). The initial state of the tank is a decision variable providing 

an additional degree of freedom to the problem.  

∀ 𝑡 ∈  (1,  𝑛𝑡),  𝑙 ∈  (2,  𝑛𝑙)  

𝒒̇ 
𝑻𝑬𝑺,𝒍,𝒕
𝒄 = 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕

𝒄 𝐶(𝑇𝑙 − 𝑇𝑙−1)        (2) 

𝒒̇ 
𝑻𝑬𝑺,𝒍,𝒕
𝒉 = 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕

𝒉 𝐶(𝑇𝑙 − 𝑇𝑙−1)        (3) 

𝒒̇ 
𝑻𝑬𝑺,𝒍,𝒕
𝒍𝒐𝒔𝒔 = 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕

𝒍𝒐𝒔𝒔 𝐶(𝑇𝑙 − 𝑇𝑙−1) = 𝑨𝑻𝑬𝑺,𝒍,𝒕𝑈𝑇𝐸𝑆(𝑇𝑙 − 𝑇𝑎)      (4) 

Where, 𝑇𝑙 − 𝑇𝑙−1 = 10 ∀ 𝑙 

𝑨𝑻𝑬𝑺,𝒍,𝒕 =
4𝑚𝑇𝐸𝑆,𝑙,𝑡

𝜌𝐷𝑇𝐸𝑆
          (5a) 

∑ 𝒎̇𝑻𝑬𝑺,𝒍,𝒕
𝑛𝑙
𝑙=1 ≤  𝜌𝝅𝐷𝑇𝐸𝑆

𝟐𝐻𝑇𝐸𝑆/4          (5b) 

 

∀ 𝑡 ∈  (0,  𝑛𝑡) , 𝑙 = 1  

𝒎̇𝑻𝑬𝑺,𝟏,𝒕+𝟏 = 𝒎̇𝑻𝑬𝑺,𝟏,𝒕 + ∑ 𝑑𝑡(𝒎̇ 𝑻𝑬𝑺,𝟏,𝒕
𝒉 + 𝒎̇ 𝑻𝑬𝑺,𝟐,𝒕

𝒍𝒐𝒔𝒔 − 𝒎̇ 𝑻𝑬𝑺,𝟏,𝒕
𝒄 )

 𝑛𝑡
𝑡=1    (6a) 

 

∀ 𝑡 ∈  (0,  𝑛𝑡) , 𝑙 = 𝑛𝑙 

𝒎̇𝑻𝑬𝑺,𝒏𝒍,𝒕+𝟏 = 𝒎̇𝑻𝑬𝑺,𝒏𝒍,𝒕 + ∑ 𝑑𝑡(𝒎̇ 𝑻𝑬𝑺,𝒏𝒍−𝟏,𝒕
𝒄 −𝒎̇ 𝑻𝑬𝑺,𝒏𝒍−𝟏,𝒕

𝒍𝒐𝒔𝒔 − 𝒎̇ 𝑻𝑬𝑺,𝒏𝒍−𝟏,𝒕
𝒉 )

 𝑛𝑡
𝑡=1   (6b) 
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∀ 𝑡 ∈  (0,  𝑛𝑡) , 𝑙 ∈ (2,𝑛𝑙 − 1) 

𝒎̇𝑻𝑬𝑺,𝒍,𝒕+𝟏 = 𝒎̇𝑻𝑬𝑺,𝒍,𝒕 +  

∑ 𝑑𝑡(𝒎̇ 𝑻𝑬𝑺,𝒍−𝟏,𝒕
𝒄 + 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕

𝒉 + 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕
𝒍𝒐𝒔𝒔 −𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕

𝒄 − 𝒎̇  
𝑻𝑬𝑺,𝒍−𝟏,𝒕
𝒍𝒐𝒔𝒔 −𝒎̇ 𝑻𝑬𝑺,𝒍−𝟏,𝒕

𝒉 )
 𝑛𝑡
𝑡=1   (6c) 

𝒎̇𝑻𝑬𝑺,𝒍,𝟏 = 𝒎̇𝑻𝑬𝑺,𝒍, 𝑛𝑡  ∀ 𝑙         (7) 

2.3.2. BHE 

The thermal model of the BHE used in this study is borrowed from the authors’ previous work [12] 

which is described here briefly and can be referred to for further details. The thermal response of the 

BHE to a step heat pulse (𝑞̇ ) can be modelled through the use of dimensionless thermal response 

factors also called g-functions (𝑔𝑡) [20]. These are dimensionless numbers that enable the 

quantification of the average temperature over the length of the BHE (𝑇𝐵𝐻𝐸,𝑡
𝑟 ), relative to the 

undisturbed ground temperature (𝑇𝑜) at any given time and radial distance from the BHE. It is a time 

dependent function whose value depends on parameters such as the length of the BHE (𝐿), the thermal 

diffusivity of the surrounding soil (𝛼), thermal conductivity (𝑘) and the borehole field geometry in 

case of multiple closely spaced BHEs. (8) defines the g-function of a given borehole field with fixed 

geometry at the BHE wall (𝑟 = 𝑟𝑏).  A finite line source thermal model of the BHE is used to calculate 

the value of the g function using an analytical expression developed by Lamarche and Beauchamp 

[21]. Fig. 2 illustrates the g function of a single borehole of length 200m used in this study.  

𝑇𝐵𝐻𝐸,𝑡
𝑏 − 𝑇0 = 

𝑞̇ 

2𝜋𝑘𝐿
𝑔 (

𝑡

𝑡𝑠
,
𝑟𝑏

𝐿
, 𝐵𝑜𝑟𝑒ℎ𝑜𝑙𝑒 𝑓𝑖𝑒𝑙𝑑 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦) 𝑡𝑠 = 

𝐿2

9𝛼
   (8) 

 

 

Fig. 2: g-function for a single BHE (L=200m) 

Since (8) is valid only for a step heat pulse, therefore the continuous time varying heat demand 

(𝒒̇ 
𝑩𝑯𝑬,𝒕

), must be represented as a superposition of step heat pulses. This is a typical procedure used 

in the literature [22] also called as temporal superposition to calculate the temperature response and 

is described by (9). The entering (𝑻𝑩𝑯𝑬,𝒕
𝒊𝒏 ) and leaving fluid temperatures (𝑻𝑩𝑯𝑬,𝒕

𝒐𝒖𝒕 ) in the BHE can be 

approximated by the mean fluid temperature (𝑇𝑡
𝑚𝑓

) which is calculated using the thermal resistance 

of the BHE as described by (10a, b). A nominal value of the source side mass flow rate (𝑚 𝐵𝐻𝐸) of 

0.5 kg/s is chosen to describe the steady state heat transfer by (11a). The inlet fluid temperature within 

the BHE can drop drastically leading to the freezing of the brine fluid in circulations. Therefore, it 

must be restricted above a specified value usually greater than the freezing point of the brine fluid 

(11b).   

 



6 

 

∀ 𝑡 ∈  (1,  𝑛𝑡) 

𝑻𝑩𝑯𝑬,𝒕
𝒃 − 𝑇𝑜 = ∑

(𝒒̇ 𝑩𝑯𝑬,𝒊 − 𝒒̇ 𝑩𝑯𝑬,𝒊−𝟏)

2𝜋𝑘𝐿

𝑡
𝑖=1 𝑔(

𝑡 − 𝑖 − 1

𝑡𝑠
,
𝑟𝑏

𝐿
)       (9) 

𝑻𝑩𝑯𝑬,𝒕
𝒎̇𝒇

= 𝑻𝑩𝑯𝑬,𝒕
𝒃 − 

𝒒̇ 𝑩𝑯𝑬,𝒕 .𝑅𝑏

𝐿
          (10a) 

𝑻𝑩𝑯𝑬,𝒎̇𝒇,𝒕 = 
𝑻𝑩𝑯𝑬,𝒕
𝒐𝒖𝒕  +  𝑻𝑩𝑯𝑬,𝒕

𝒊𝒏

2
         (10b) 

𝒒̇ 
𝑩𝑯𝑬,𝒕

= 𝑚 𝐵𝐻𝐸𝐶(𝑻𝑩𝑯𝑬,𝒕
𝒐𝒖𝒕  −   𝑻𝑩𝑯𝑬,𝒕

𝒊𝒏 )        (11a) 

𝑻𝑩𝑯𝑬,𝒕
𝒊𝒏 ≥ 𝑇𝐵𝐻𝐸

𝑖𝑛,𝑚𝑖𝑛
          (11b) 

2.3.3. Heat pump (HP) 

Brine to water HPs are commonly used for ground source applications due to their ability to withstand 

temperatures below zero in the BHE. (12) is used to describe the operation of the HP. An equation fit 

model developed by [23] for water based HPs is used to calculate the coefficients (𝑎1- 𝑎5 and 𝑏1- 𝑏5) 

using the manufacturer’s data of a sample 10kW HP. The total heat load (𝒒̇ 
𝑯𝑷,𝒕

) is calculated as a 

function of the source side mass flow rate (𝑚 𝐻𝑃
𝑆 ) and inlet temperature (𝑻𝑯𝑷,𝒍,𝒕

𝑺,𝒊𝒏
) and the load side 

mass flow rate (𝒎̇ 𝑯𝑷,𝒍,𝒕
𝑳 ) and inlet temperature (𝑇𝐻𝑃,𝑡

𝐿,𝑖𝑛
). The total power consumption is calculated 

similarly (𝒑̇ 
𝑯𝑷,𝒕

). The denominators in (12) are the nominal operating conditions specified by the 

manufacturer. These are listed in the list of input parameters in Table 1. The load side temperature 

spread is restricted to 10K which is consistent with the stratification of the thermal storage. This 

reduces the number of additional binary variables which would otherwise be needed to select one of 

the temperature combinations of load side inlet and outlet temperature consistent with the 

stratification of the thermal storage. Therefore, (13) is written for the steady state heat transfer. The 

power consumption is calculated through an energy balance of the HP given by (14). (15) represent 

the coupling between the HP and the BHE. It is assumed that the HP can only supply maximum one 

single temperature level within one time step or be in a switched off mode. Therefore, a binary 

variable (𝒚𝑯𝑷,𝒍,𝒕) is added to the formulation which represents the switch for each temperature layer. 

Additional constraints such as the minimum and maximum supply temperature of 𝑇𝐻𝑃
𝑚𝑖𝑛 and 𝑇𝐻𝑃

𝑚𝑎𝑥 are 

added. (16) describe the switching behaviour of the HP and the allowed temperature levels. The upper 

and lower bounds of the source side inlet temperature and the mass flow are given by (17) and their 

values are listed in Table 1.  

∀ 𝑡 ∈  (1,  𝑛𝑡), 𝑙 ∈ (1,  𝑛𝑙 − 1)  

𝒒̇ 𝑯𝑷,𝒍,𝒕

𝑞̇ 𝑟𝑒𝑓
= 𝑎1 + 𝑎2 (

𝑻𝑯𝑷,𝒍,𝒕
𝑺,𝒊𝒏

𝑇𝑟𝑒𝑓
) + 𝑎3 (

𝑇𝐻𝑃,𝑡
𝐿,𝑖𝑛

𝑇𝑟𝑒𝑓
) + 𝑎4 (

𝑚 𝐻𝑃
𝑆

𝑚 𝑆,𝑟𝑒𝑓
) + 𝑎5 (

𝒎̇ 𝑯𝑷,𝒍,𝒕
𝑳

𝑚 𝐿,𝑟𝑒𝑓
)    (12a) 

𝒑̇ 𝑯𝑷,𝒍,𝒕

𝑝̇ 𝑟𝑒𝑓
= 𝑏1 + 𝑏2 (

𝑻𝑯𝑷,𝒍,𝒕
𝑺,𝒊𝒏

𝑇𝑟𝑒𝑓
) + 𝑏3 (

𝑇𝐻𝑃,𝑡
𝐿,𝑖𝑛

𝑇𝑟𝑒𝑓
) + 𝑏4 (

𝑚 𝐻𝑃,𝑆

𝑚 𝑆,𝑟𝑒𝑓
) + 𝑏5 (

𝒎̇ 𝑯𝑷,𝒍,𝒕
𝑳

𝑚 𝐿,𝑟𝑒𝑓
)    (12b) 

𝒒̇ 
𝑯𝑷,𝒍,𝒕

= 𝒎̇ 𝑯𝑷,𝒍,𝒕
𝑳 . 𝐶. (10𝐾)         (13) 

 

∑ 𝒑̇ 
𝑯𝑷,𝒍,𝒕

 𝑛𝑙
𝑙=1 = ∑ 𝒒̇ 

𝑯𝑷,𝒍,𝒕

 𝑛𝑙
𝑙=1 − 𝒒̇ 

𝑩𝑯𝑬,𝒕 
  ∀ 𝑡      (14) 

𝑚 𝐻𝑃,𝑆 = 𝑚 𝐵𝐻𝐸 = 0.5 ,          (15a) 
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𝑻𝑯𝑷,𝒕
𝑺,𝒊𝒏 = 𝑻𝑩𝑯𝑬,𝒕

𝒐𝒖𝒕     ∀ 𝑡      (15b) 

∑ 𝒚𝑯𝑷,𝒍,𝒕
 𝑛𝑙
𝑙=1 ≤ 1 ∀ 𝑡         (16a) 

𝒚𝑯𝑷,𝒍,𝒕 = 0   ∀ 𝑡, 𝑙 ∈ (1, 𝑖)⋃  (𝑗,  𝑛𝑙); where 𝑇𝐻𝑃
𝑚𝑖𝑛 = 𝑇𝑖 and 𝑇𝐻𝑃

𝑚𝑎𝑥 = 𝑇𝑗  (16b) 

𝒚𝑯𝑷,𝒍,𝒕 . 𝑇𝐻𝑃
𝑆,𝑖𝑛,𝑚𝑖𝑛 ≤ 𝑻𝑯𝑷,𝒍,𝒕

𝑺,𝒊𝒏  ≤  𝒚𝑯𝑷,𝒍,𝒕 . 𝑇𝐻𝑃
𝑆,𝑖𝑛,𝑚𝑎𝑥

  ∀ 𝑡, 𝑙    (17a) 

𝒚𝑯𝑷,𝒍,𝒕 . 𝑚 𝐻𝑃
𝐿,𝑚𝑖𝑛 ≤ 𝒎̇ 𝑯𝑷,𝒍,𝒕

𝑳  ≤  𝒚𝑯𝑷,𝒍,𝒕 .𝑚 𝐻𝑃
𝐿,𝑚𝑎𝑥

  ∀ 𝑡, 𝑙    (17b)  

2.3.4. Natural Gas Boiler (GB) 

Since the focus is on the evaluation of HP behavior, the natural gas boiler is modelled as a black box 

with a constant efficiency (𝜂𝐺𝐵). The input to the gas boiler is heat energy (𝒒̇ 
𝑮𝑩,𝒍,𝒕
𝒊𝒏 ) to heat water 

borrowed from layer l of the tank at time step t. It is entirely borrowed from the grid and the output 

of the gas boiler (𝒒̇ 
𝑮𝑩,𝒍,𝒕
𝒐𝒖𝒕 ) is then used to heat the water from layer l to l+1. This energy conversion 

process is represented by (18). The total energy balance for the gas boiler is described by (19). The 

minimum temperature at which the gas boiler supplies heat is restricted above𝑇𝐺𝐵
𝑚𝑖𝑛. This results in 

(20a, b) representing the energy balance for the gas boiler where (𝒎̇ 𝑮𝑩,𝒍,𝒕). The output of the gas 

boiler is restricted by the total boiler capacity (𝐶𝑎𝑝𝐺𝐵) given by (21).  

𝒒̇ 
𝑮𝑩,𝒍,𝒕
𝒐𝒖𝒕 = 𝜂𝐺𝐵 .  𝒒̇ 𝑮𝑩,𝒍,𝒕

𝒊𝒏    ∀ 𝑡, 𝑙       (18) 

𝒒̇ 
𝑮𝑩,𝒕
𝒈𝒓𝒊𝒅 = ∑ 𝒒̇ 

𝑮𝑩,𝒍,𝒕
𝒊𝒏 𝑛𝑙

𝑙=1    ∀ 𝑡       (19) 

 

𝒒̇ 
𝑮𝑩,𝒍,𝒕
𝒐𝒖𝒕 = 𝒎̇ 𝑮𝑩,𝒍,𝒕𝑪(𝑇𝐺𝐵

𝑚𝑖𝑛  −  𝑇𝑙) ∀ 𝑡, 𝑙 ∈ (1, 𝑗 − 1); Where, 𝑇𝐺𝐵
𝑚𝑖𝑛 = 𝑇𝑗  (20a) 

 

𝒒̇ 
𝑮𝑩,𝒍,𝒕
𝒐𝒖𝒕 = 𝒎̇ 𝑮𝑩,𝒍,𝒕𝑪(10𝐾)  ∀ 𝑡, 𝑙 ∈ (𝑗,  𝑛𝑙)     (20b) 

 

∑ 𝒒̇ 
𝑮𝑩,𝒍,𝒕
𝒐𝒖𝒕 𝑛𝑙

𝑙=1 ≤ 𝐶𝑎𝑝𝐺𝐵   ∀ 𝑡       (21) 

2.3.5. Space heat delivery (SH) 

The space heating demand of the building (𝑞̇ 
𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔,𝑡

) is available as a time series from a building 

simulation program. The minimum temperature at which the space heating must be delivered is 

assumed to be 𝑇𝑆𝐻
𝑚𝑖𝑛. This is chosen according to the typical values of distribution temperatures in 

relatively old buildings in Switzerland [24]. The return temperature from the space heating circuit is 

assumed to be constant at 𝑇𝑆𝐻
𝑟𝑒𝑡𝑢𝑟𝑛. The values of these parameters are listed in Table 1. The heat 

energy balance for the space heating circuit is described by (22) where  𝒒̇ 
𝑺𝑯,𝒍,𝒕

 and 𝒎̇ 𝑺𝑯,𝒍,𝒕, are the 

heat extracted and the mass flow to the space heating circuit from each layer respectively at each time 

step. The heat is balanced by the heat demand of the building given by (23).  

 𝒒̇ 
𝑺𝑯,𝒍,𝒕

= 𝒎̇ 𝑺𝑯,𝒍,𝒕𝐶(𝑇𝑙 − 𝑇𝑆𝐻
𝑚𝑖𝑛)  ∀ 𝑡, 𝑙 ∈ (𝑗,  𝑛𝑙  ); Where, 𝑇𝑆𝐻

𝑚𝑖𝑛 = 𝑇𝑗  (22a) 

𝒒̇ 
𝑺𝑯,𝒍,𝒕

 =  𝒎̇ 𝑺𝑯,𝒍,𝒕 = 0      ∀ 𝑡, 𝑙 ∈ (1, 𝑗 − 1 )    (22b) 

∑ 𝒒̇ 
𝑺𝑯,𝒍,𝒕

= 
 𝑛𝑙
𝑙=1 𝑞̇ 

𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔,𝑡
   ∀ 𝑡      (23)  
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2.3.6. Balance constraints 

The HP and the gas boiler are both connected to the building’s space heating circuit through the daily 

thermal storage. (24a) describes the cold streams going out of the storage going into the HP and the 

gas boiler. (24b) decribes the hot streams on the delivery side of the tank going to the space heating 

circuit. (25) describe the energy balances for the gas and the electricity network respectively.  

𝒎̇ 𝑮𝑩,𝒍,𝒕 + 𝒎̇ 𝑯𝑷,𝒍,𝒕 = 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕
𝒄    ∀ 𝑡, 𝑙      (24a) 

𝒎̇  𝑺𝑯,𝒍,𝒕 = 𝒎̇ 𝑻𝑬𝑺,𝒍,𝒕
𝒉     ∀ 𝑡, 𝑙      (24b) 

𝒒̇ 
𝑮𝑩,𝒕
𝒈𝒓𝒊𝒅,𝒈𝒂𝒔 = ∑ 𝒒̇ 

𝑮𝑩,𝒍,𝒕
𝒊𝒏 𝑛𝑙

𝑙=1     ∀ 𝑡     (25a) 

𝒑̇ 𝑯𝑷,𝒕
𝒈𝒓𝒊𝒅

= ∑ 𝒒̇ 
𝑯𝑷,𝒍,𝒕
𝒊𝒏 𝑛𝑙

𝑙=1      ∀ 𝑡     (25b)  

3. Case study 

Since this study is focussed on the operation of the building energy system the sizes of all the 

technologies are specified as input parameters. Furthermore, a synthetic space heating demand profile 

is generated maintaining consistency with the technology sizes. A building simulation program 

developed by Wang et. al. [25] is used to obtain the synthetic space heating demand for a single 

family residential building in Switzerland. A time horizon of 72h is chosen for the study. Table 1 

describes the list of all input parameters used in the model. 

Table 1: List of input parameters  

Parameter Value Units 
𝐿 200 m 

𝑘 1.4 W/m°C 

𝑅𝑏 0.17 m°C /W 

𝑚 𝐵𝐻𝐸 0.25 kg/s 

𝑇𝑜 15 °C 

𝑇𝐵𝐻𝐸
𝑖𝑛,𝑚𝑖𝑛

 -5 °C 

𝜂𝐺𝐵 0.9 - 

𝐶𝑎𝑝𝐺𝐵  10000 W 

𝑇𝐺𝐵
𝑚𝑖𝑛 80 °C 

𝑇𝑆𝐻
𝑚𝑖𝑛 70 °C 

 𝑛𝑡 72 h 

𝑞̇ 
𝑟𝑒𝑓

 10550 W 

𝑝 
𝑟𝑒𝑓

 3400 W 

𝑇𝑟𝑒𝑓  283.15 K 

𝑚 𝑆,𝑟𝑒𝑓 0.5 kg/s 

𝑚 𝐿,𝑟𝑒𝑓  0.5 kg/s 

𝑇𝐻𝑃
𝑚𝑖𝑛 20 °C 

𝑇𝐻𝑃
𝑚𝑎𝑥  80 °C 

𝑇𝐻𝑃
𝑆,𝑖𝑛,𝑚𝑖𝑛

 -5 °C 

𝑇𝐻𝑃
𝑆,𝑖𝑛,𝑚𝑎𝑥

 21 °C 

𝐻𝑇𝐸𝑆 3 m 

𝑈𝑇𝐸𝑆 1 W/m2°C 

 𝑛𝑙 9 - 
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4. Results and Discussion 

The hourly system operation, decomposed into the thermal energy dispatch for each technology in 

the system is shown in Fig. 3. It can be observed that the peak heating demand of the building is 

supplied mainly by the TES and the GB. The TES is charged predominantly during hours when 

heating demand stays relatively low whereas no significant charging is observed during hours of peak 

demand. The charging of the TES is predominantly done by the HP as it delivers heat at lower 

temperatures as compared to the GB. The higher levels of the TES are charged by the GB. In the 

beginning, the HP operates at its rated load of 10.5 kW, which steadily declines with time due to the 

cooling of the ground. Thereafter, the HP exhibits consistently alternating periods of switched on and 

off modes all throughout the time horizon. The maximum number of consecutive hours for which the 

HP remains switched on and off are 3 and 4 hours respectively. This behaviour can be understood 

when analysing the GSHP system as a whole including the BHE as shown in Fig. 4.   

 

Fig. 3: Thermal energy dispatch for each individual technology 

The temperatures within the BHE restrict the operation of the HP. The inlet temperature to the BHE 

is constrained above -5 °C to avoid freezing of the brine fluid. As shown by Fig. 4b, the continuous 

operation of the HP results in dropping of the inlet and outlet fluid temperatures of the BHE. The 

operation of the HP is sustainable as long as the inlet fluid temperature remains above the specified 

bound (-5 °C). Any further operation of the HP is not possible and therefore, the HP is switched off. 

During the period when the HP is switched off, the ground starts to return to its original state which 

is equal to the far field ground temperature (15°C). Long periods of inactivity of the HP recover the 

BHE wall temperature and in effect, the fluid temperatures. The duration of this period is directly 

proportional to the recovery of the ground. As an effect, the HP and the BHE are prepared for another 

cycle of activity until the fluid temperatures drop again. Fig. 4a shows the load and source side energy 

flows from and to the HP respectively as well as the compressor’s power consumption. As the fluid 

temperatures in the BHE drop due to continuous HP operation, the total amount of heat extraction 

from the ground reduces. This increases the net power consumed by the HP resulting in reduced 

coefficient of performance (COP). The COP of the HP is also affected by the load side operating 

temperature of the HP. Fig. 5 shows the temporal evolution of the COP and the load side inlet 

temperature of the HP.   
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Fig. 4a: HP energy flows during operation 

 

Fig. 4b: BHE operating temperatures 

The COP of the HP varies between 2 and 4 which are nominal values for most GSHPs. The COP 

shows a decline with time for most of the isolated periods of operation. As explained above, this is 

due to the cooling of the ground leading to the reduction in the source side inlet temperature. The 

COP also declines with an increasing load side inlet temperature. This happens mainly during hours 

of peak demand as space heating can only be delivered at or above 70°C. For the rest of the hours the 

HP is operating mainly between 30-60°C on the load side to charge the TES. A high COP can be 

maintained by increasing the design length of the BHE. This would help maintaining high 

temperatures in the BHE for long periods resulting in stable high values of COP. Another solution 

for maintaining COP is through solar regeneration. Excess solar energy collected by solar thermal 

collectors can be injected ino the ground to maintain high temperatures in the BHE resulting in higher 

COP.  

 

Fig. 5: Temporal evolution of HP COP and load side inlet temperature 

Fig. 6 shows the temporal evolution of volume of the various layers of the TES. Layer 4, 5 and 6 

respectively at temperatures 40, 50 and 60°C are used frequently for storage. Layer 7 which is at 70°C 

is mainly used in preparing for the upcoming peak loads. Layer 8 and 9 respectively at 80 and 90°C 

are not used for storage at all, implying that the boiler supplies heat directly to the space heating 
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circuit at these temperatures. Storing water at a lower level (70°C) leads to a more efficient HP 

operation. Layer 3 at 30°C receives return water continuously from the space heating circuit. It is then 

delivered to the HP heat losses in the form of mass flow from all the upper layers. This can be 

observed through a small (0.1%) but steady increase in its volume. 

 

Fig. 6: Temporal evolution of volume of water in different layers of the TES (m3) 

5. Conclusion 

In this paper, a methodology for the integration of a detailed thermal model of GSHPs in the 

optimization of building energy system is presented. A MILP is formulated to optimize the operation 

of a residential building energy system consisting of a GSHP, a gas boiler and a stratified thermal 

storage tank, minimising the total operating costs. The optimal thermal energy dispatch of each 

individual technology is analysed. The effect of HP operation on the operating temperatures of the 

BHE and vice versa are studied and its effects on the performance of the HP analysed. This 

methodology allows for the decomposition of GSHPs into its components and increases the accuracy 

of their modelling within the context of building energy system optimization.  

As further work, the sizing of each of these technologies within the MILP formulation will be added. 

Moreover, additional technologies such as solar thermal collectors will be added and the effects of 

ground regeneration on the HP will be studied in detail. Additionally, long term behaviour of the 

GSHP and its impact on system operation can be studied.  
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Nomenclature 

Obj Objective  

𝑝   Electrical power, W 
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𝑞̇   Heat, W 

𝑚  Mass flow rate, kg/s 

y Binary variable, - 

n Total number, - 

T Temperature, °C 

A Surface area, m2 

D Diameter, m 

H Height, m 

L Length, m 

C Specific heat (water), J/kg K 

𝞺 Density, kg/m3 

U Heat transfer coefficient, W/m2 K 

k Thermal conductivity, W/m  

g G function. - 

α Thermal diffusivity, m2/s 

η Efficiency, - 

Cap Capacity, W 

Subscripts and superscripts 

grid Grid 

elec Electricity 

gas Gas 

HP Heat pump 

GB Gas Boiler 

TES Thermal Energy Storage 

BHE Borehole Heat Exchanger 

SH Space Heating 

l  Layers 

t  Time 

c  Cold stream 

h  Hot stream 

loss Thermal loss 

o  Far field 

b  Borehole wall 

s  Steady state 

mf  Mean fluid 

out Outlet 

in  Inlet 

min Minimum 

max Maximum 

ref  Reference/rated conditions 

S  Source side 

L  Load side   



13 

 

References 

[1] Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the 

energy performance of buildings (recast), Brussels, 2010. 

doi:doi:10.3000/17252555.L_2010.153.eng. 

[2] I. Sarbu, C. Sebarchievici, General review of ground-source heat pump systems for heating 

and cooling of buildings, Energy Build. 70 (2014) 441–454. 

doi:10.1016/j.enbuild.2013.11.068. 

[3] E. Kjellsson, G. Hellström, B. Perers, Optimization of systems with the combination of ground-

source heat pump and solar collectors in dwellings, Energy. 35 (2010) 2667–2673. 

doi:10.1016/j.energy.2009.04.011. 

[4] W. Retkowski, J. Thöming, Thermoeconomic optimization of vertical ground-source heat 

pump systems through nonlinear integer programming, Appl. Energy. 114 (2014) 492–503. 

doi:10.1016/j.apenergy.2013.09.012. 

[5] S. Sanaye, B. Niroomand, Thermal-economic modeling and optimization of vertical ground-

coupled heat pump, Energy Convers. Manag. 50 (2009) 1136–1147. 

doi:10.1016/j.enconman.2008.11.014. 

[6] C. Xi, L. Lin, Y. Hongxing, Long term operation of a solar assisted ground coupled heat pump 

system for space heating and domestic hot water, Energy Build. 43 (2011) 1835–1844. 

doi:10.1016/j.enbuild.2011.03.033. 

[7] W.B. Yang, M.H. Shi, H. Dong, Numerical simulation of the performance of a solar-earth 

source heat pump system, Appl. Therm. Eng. 26 (2006) 2367–2376. 

doi:10.1016/j.applthermaleng.2006.02.017. 

[8] S. Hackel, G. Nellis, S. Klein, Optimization of hybrid geothermal heat pump systems, 9th Int. 

IEA Heat Pump Conf. (2008) 20–22. 

[9] M. De Paly, J. Hecht-Méndez, M. Beck, P. Blum, A. Zell, P. Bayer, Optimization of energy 

extraction for closed shallow geothermal systems using linear programming, Geothermics. 43 

(2012) 57–65. doi:10.1016/j.geothermics.2012.03.001. 

[10] Z. Han, M. Zheng, F. Kong, F. Wang, Z. Li, T. Bai, Numerical simulation of solar assisted 

ground-source heat pump heating system with latent heat energy storage in severely cold area, 

Appl. Therm. Eng. 28 (2008) 1427–1436. doi:10.1016/j.applthermaleng.2007.09.013. 

[11] H. Wang, C. Qi, E. Wang, J. Zhao, A case study of underground thermal storage in a solar-

ground coupled heat pump system for residential buildings, Renew. Energy. 34 (2009) 307–

314. doi:10.1016/j.renene.2008.04.024. 

[12] S.A. Miglani, K. Orehounig, J. Carmeliet, Assessment of the ground source heat potential at 

building level applied to an urban case study, in: Status-Seminar «Forschen Für Den Bau Im 

Kontext von Energ. Und Umwelt» Assess., 2016: pp. 1–13. 

[13] D. Lauinger, P. Caliandro, J. Van herle, D. Kuhn, A linear programming approach to the 

optimization of residential energy systems, J. Energy Storage. 7 (2016) 24–37. 

doi:10.1016/j.est.2016.04.009. 

[14] K.B. Lindberg, G. Doorman, D. Fischer, M. Korp??s, A. ??nestad, I. Sartori, Methodology for 

optimal energy system design of Zero Energy Buildings using mixed-integer linear 

programming, Energy Build. 127 (2016) 194–205. doi:10.1016/j.enbuild.2016.05.039. 

[15] A. Ashouri, S.F. Fux, M.J. Benz, L. Guzzella, Optimal design and operation of building 

services using mixed-integer linear programming techniques, Energy. 59 (2013) 365–376. 

doi:10.1016/j.energy.2013.06.053. 

[16] P. Stadler, A. Ashouri, F. Mar??chal, Model-based optimization of distributed and renewable 

energy systems in buildings, Energy Build. 120 (2016) 103–113. 



14 

 

doi:10.1016/j.enbuild.2016.03.051. 

[17] H. Harb, J. Reinhardt, R. Streblow, D. Müller, MIP approach for designing heating systems in 

residential buildings and neighbourhoods, J. Build. Perform. Simul. 1493 (2015) 1–15. 

doi:10.1080/19401493.2015.1051113. 

[18] H.C. Becker, F. Maréchal, D. Favrat, Methodology and Thermo-Economic Optimization for 

Integration of Industrial Heat Pumps, 5341 (2012). doi:10.5075/epfl-thesis-5341. 

[19] J.M.F. Rager, Urban Energy System Design from the Heat Perspective using mathematical 

Programming including thermal Storage, 6731 (2015). 

[20] P. Eskilson, Thermal Analysis of Heat Extraction Boreholes, Response. (1987) 222. 

[21] L. Lamarche, B. Beauchamp, A new contribution to the finite line-source model for geothermal 

boreholes, Energy Build. 39 (2007) 188–198. doi:10.1016/j.enbuild.2006.06.003. 

[22] C. Yavuzturk, A Short Time Step Response Factor Model for Vertical Ground Loop Heat 

Exchangers, ASHRAE Trans. 105 (1999) 475–485. 

[23] B. Tang, C. Chien, D. Fisher, MODELING PACKAGED HEAT PUMPS IN A QUASI-

STEADY STATE ENERGY SIMULATION PROGRAM, (2005). 

[24] L. Girardin, F. Marechal, M. Dubuis, N. Calame-Darbellay, D. Favrat, EnerGis: A 

geographical information based system for the evaluation of integrated energy conversion 

systems in urban areas, Energy. 35 (2010) 830–840. doi:10.1016/j.energy.2009.08.018. 

[25] D. Wang, K. Orehounig, J. Carmeliet, Dynamic building energy demand modelling at urban 

scale for the case of Switzerland, in: CLIMA 2016 - Proc. 12th REHVA World Congr., 2016. 

 

 


