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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

This study describes an optimization method for the design and operation of a hybrid solar ground source heat pump. The system 
studied consists of solar thermal collectors, borehole heat exchanger (BHE), a heat pump, natural gas boiler and a stratified daily 
storage tank. The method uses a single-objective optimization for operation nested within a multi-objective optimization of the 
design parameters that minimizes the total annual costs and CO2 emissions. The methodology focuses on modelling the thermal 
behavior of BHEs, operational system constraints and seasonal effects of solar regeneration within an optimization framework. 
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1. Introduction

Ground source heat pumps (GSHPs) are commonly used for heating in buildings. They are ideal for space 
heating/cooling (SH/C) and domestic hot water (DHW) and have considerably low CO2 emissions as compared to 
their fossil fuel based counterparts [1]. Typically, GSHPs consist of vertical Borehole Heat Exchangers (BHEs) to
extract heat from the ground. Long BHE length ensures better heat extraction and thereby high Coefficient of 
performance (COP) for the heat pump. However, there are significant investment costs per meter drilled. On the other 
hand, short BHE length can cool the surrounding ground thereby lowering the heat pump COP resulting in higher costs 
of operation. The problem of ground cooling due to short BHE length can be solved by the use of solar thermal (ST)
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collectors. GSHPs can be combined with ST collectors in a hybrid system to store excess solar heat into the ground 
mainly during summer [2]. The solar heat regenerates the ground back to normal temperature preparing it for winter. 
This can significantly increase the seasonal performance of the system [3] and lower the required length of the BHE 
thereby reducing the investment costs. During operation, the hybrid solar GSHP increases heat pump COP reducing
the operational costs and CO2 emissions. GSHP and ST collectors provide heat at low temperature (50-60oC). 
However, the SH distribution system may require higher temperatures (70-80oC) especially in buildings with relatively 
old construction. Furthermore, domestic hot water (DHW) must be supplied above 50oC to avoid health problems 
related to bacteria growth. Therefore, auxiliary high temperature technologies such as natural gas (NG) boiler and 
stratified hot water storage tank to manage the temperature are required. These technologies have additional investment 
costs and directly affect the operational costs and CO2 emissions. The optimal design of such a system is challenging.
Previous studies have focused on mathematical modelling and numerical simulation of hybrid solar GSHPs to optimize 
performance [4,5] and a few studies focused on the GSHP and the BHE itself [6-8]. The aforementioned studies 
emphasize either on individual technologies for instance, the BHE [6] and the heat pump [7] or the optimization of an 
integrated energy system but with simplified representation of the GSHP and BHE [8]. Investigations on integration 
of GSHPs within building energy systems use simplified models using Carnot efficiency or conversion factors for the 
GSHP [9, 10]. The modelling of the thermal behavior of the BHE and the operational constraints of the HP are typically 
not accounted for within the optimization model of the system. Moreover, seasonal effects of solar regeneration into 
the optimization are ignored.

Nomenclature

𝑞𝑞𝑞𝑞̇ Heat energy flow [W] HP Heat pump
�̇�𝑝𝑝𝑝 Power flow [W] BHE Borehole Heat Exchanger
𝑇𝑇𝑇𝑇 Temperature [K] solar Solar regeneration
𝑚𝑚𝑚𝑚̇ Mass flow [kg/s] L Load side
𝑔𝑔𝑔𝑔 Dimensionless temperature response (g-function) S Source side
𝑟𝑟𝑟𝑟 Radius [m] b Borehole wall
𝑡𝑡𝑡𝑡 Time [s] o Far-field
𝑘𝑘𝑘𝑘 Thermal conductivity [W/mK] ref Reference/rated conditions
𝐿𝐿𝐿𝐿 Length [m] mf Mean fluid
a, b Heat pump equation fit coefficient s Steady state
R Thermal resistance in Inlet

1.1. This work

This study describes a novel methodology for the optimal design and operation of a hybrid solar GSHP based 
residential building energy system. A new GSHP model that accounts for the detailed thermal behavior of the BHE 
and the ground is integrated into the MILP along with solar regeneration. The aim is the accurate representation of the 
hybrid solar GSHP in the optimization and to study the optimal design and operation of the system. 

2. Methodology

2.1. Overview

This method uses a single-objective mixed integer linear programming (MILP) model for the operation of the 
system that minimizes the annual costs of operation. An integrated system consisting of a BHE, HP, ST collectors, 
NG boiler and a stratified hot water tank which provides SH/C and DHW for a residential building is modelled. The 
ST collectors can be used for regenerating the BHE and providing heat to the tank simultaneously. A schematic 
overview of the system is shown in Fig. 1. In order to incorporate for seasonal effects of solar regeneration, the time 
horizon for the problem should ideally be equal to one whole year. However, to reduce the computational effort needed 
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to solve the MILP, the “typical days” approach [11] is adopted. One typical day consisting of 24 hours is created for 
each season i.e. winter (Dec.-Feb.), spring (Mar.-May), summer (June-Aug.) and autumn (Sept.-Nov.). Seasonal 
typical day SH profiles for the case study are shown in Fig. 2. The MILP is solved for each typical day and dispatch 
schedules for a full year of operation are constructed for each technology. In order to maintain a continuous operation 
between seasons, the state of the BHE and the ground temperature is calculated at the end of each season and 
transferred to the next. The MILP is then nested within a multi objective optimization for design of the system. A
genetic algorithm is used to obtain the optimal design parameters for each technology minimizing the total annual 
costs including investment/operation and CO2 emissions. A Pareto frontier representing the set of optimal design 
solutions is obtained. A schematic overview of the methodology is shown in Fig. 1.

Figure 1: Schematic overview of (a) the building energy system (b) the methodology

2.2. Multi-objective GA

The two objectives that the GA evaluates are the total annual costs and CO2 emissions. Different sets of design 
parameters are evaluated for their fitness and a Pareto-optimal set of solutions that highlight the tradeoff between the 
two objectives are obtained. The total costs consist of the investment costs arising from the sizing of the technologies 
and the operation costs from the MILP model. The total CO2 emissions consist of operational emissions only. The 
embodied CO2 emissions for each technology are not accounted for. The main design parameters given as input are 
the solar collector area, BHE length, heat pump and boiler capacity and storage tank diameter. Other model parameters 
such as carbon factors, investment costs, energy prices, roof area and tank height are listed in Table 1. 

Table 1. List of key model parameters used for the case study

Input parameter Value/Range Unit

Carbon factor NG 0.249 kgCO2-eq/kWh

Carbon factor grid electricity (Swiss mix) 0.139 kgCO2-eq/kWh

NG price 0.1 CHF/kWh

Electricity price 0.095 CHF/kWh

Roof area

Storage tank height

50

2.5

m2

m

BHE Inv. Costs

ST Inv. Costs

Heat pump Inv. Costs

NG Boiler Inv. Costs

Storage tank Inv. Costs

100

2-91 (1-50)

7-20 (10-20)

15-34 (1-15)

7-15 (0.8-2)

CHF/m

kCHF (area, m2)

kCHF (Capacity, KW)

kCHF (Capacity, KW)

kCHF (diameter, m) 
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2.3. MILP Model

The objective of the MILP is to minimize the annual operation costs subject to technology and system specific 
constraints. The operational costs are mainly due to import of natural gas and electricity from the grid for consumption 
by the NG boiler and the heat pump respectively. The ST collectors and the stratified hot water tank is modelled using 
the method described by Stadler et al [10]. The efficiency of the ST collector varies with the mean temperature of 
operation and the ambient. The hot water stream from the collectors can partly/fully be used to regenerate the BHEs 
or be stored in the tank. The hot water tank is stratified and is used to manage the different temperatures of energy 
production and delivery in the system. The NG boiler is modelled as a constant efficiency black box. The minimum 
temperature at which the boiler produces heat is constrained above 80 oC. Additional constraints on the temperature 
of heat delivery are added to the MILP. The minimum distribution temperature requirements for space heating and 
DHW are 70oC and 50 oC respectively whereas space cooling is provided at 20 oC. A fully detailed description of the 
MILP model can be found in [15].

2.3.1. GSHP model

The GSHP consists of two components, the BHE and the HP. The HP is modelled using an equation fit model [12]
described by Eq. (1) for HP load and (2) for HP power. The energy balance for the heat pump is given by Eq. (3).

𝑞𝑞𝑞𝑞̇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐿𝐿𝐿𝐿

𝑞𝑞𝑞𝑞̇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
= 𝑎𝑎𝑎𝑎1 + 𝑎𝑎𝑎𝑎2 �

𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑆𝑆𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� + 𝑎𝑎𝑎𝑎3 �

𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
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� +  𝑎𝑎𝑎𝑎4 �
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𝑆𝑆𝑆𝑆
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� (1)

𝑝𝑝𝑝𝑝�̇�𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑝𝑝𝑝𝑝�̇�𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

= 𝑏𝑏𝑏𝑏1 + 𝑏𝑏𝑏𝑏2 �
𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑆𝑆𝑆𝑆,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� + 𝑏𝑏𝑏𝑏3 �
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𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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�̇�𝑚𝑚𝑚𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝑆𝑆𝑆𝑆
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�̇�𝑚𝑚𝑚𝐿𝐿𝐿𝐿,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� (2)

�̇�𝑝𝑝𝑝𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑞𝑞𝑞𝑞̇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
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𝑆𝑆𝑆𝑆 (3)

The coefficients 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 , 𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 are fit using the catalog data of commercially available GSHPs. The temperature response 
of a BHE to a step heat extraction pulse is modelled using the dimensionless thermal response factors called g-
functions [14]. The definition of g-function is given by Eq. (4). The temperature at the borehole wall (𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏) at any time 
step 𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛 in response to a series of heat pulses 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 is calculated using Eq. (5). The mean fluid temperature in the BHE is 
calculated using Eq. (6) which is further connected to the heat pump through equation (7). The detailed description of 
the model can be found in [13]. 
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𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠
, 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏
𝐿𝐿𝐿𝐿

) (5)

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏 −  𝑞𝑞𝑞𝑞̇𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵∗𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏
𝐿𝐿𝐿𝐿

, 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = (𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵 ,𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 +  𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵 ,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡)/2 (6)
𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵 ,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡 =  𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝑆𝑆𝑆𝑆,𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 (7)

2.3.2. Solar regeneration
Excess solar energy can be used to regenerate the BHEs. The system configuration for the solar recharging of the 

ground as described by [16] consists of BHEs with vertical double U-pipe that consists of one loop for the rejection 
of solar heat into the ground and other for heat extraction from the ground by the heat pump. The above described 
system configuration is modelled using Eq. (8). Heat extraction is assumed positive whereas rejection is negative. 

𝑞𝑞𝑞𝑞̇𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵 = 𝑞𝑞𝑞𝑞̇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆 + 𝑞𝑞𝑞𝑞̇𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟                (8)
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Figure 2: Seasonal typical day SH profiles for the case study (a) winter (b) spring (c) summer (d) autumn

3. Results and Discussion

The methodology described above is applied to a single-family residential building in Zurich, Switzerland. The
main result of the multi-objective GA is the Pareto front showing the tradeoff between different design solutions based 
on total annual costs and CO2 emissions as shown in Fig. 3. The cost optimal solution consists of a 7KW boiler whose 
capacity reduces as the CO2 emissions decrease. This is due to the high emission factor for NG. On the other hand, 
the BHE length and the solar collector area increase gradually with decreasing emissions. However, this is 
accompanied by an increase in the total costs mainly due to their high investment costs. The effect of the increasing 
capacities of solar collectors and BHE is also seen in the increasing tank diameter. The heat pump capacity remains 
constant at 10.5 KW throughout due to a large difference in investment costs. Apart from the design solutions the 
optimal operation for the 4 seasonal typical days is also calculated using the MILP model. The optimal operational 
schedules for the middle solution (Fig. 3 (a)) for the four seasonal typical days is shown in Fig. 3(b) and Fig. 4. 

Figure 3: (a) Pareto front with cost/carbon optimal solutions (b) Optimal operation for typical winter day

It can be observed that the majority of the heat demand is supplied by the heat pump and the ST collectors. ST
collectors due to their large area of 21 m2 are able to produce temperatures above 70oC to charge the storage tank for 
space heating. The boiler is only used to refill the storage back to the initial state at the end of the day as seen in Fig 
4 (d). The tank plays a key role in storing excess heat energy from solar collectors and the heat pump besides managing 
the temperature levels of heat production and delivery. During summer, the ST collectors are almost entirely used to 
regenerate the ground. The effects of solar regeneration on the BHE temperature can be seen in Fig. 5. The average 
BHE wall temperature starts to drop below the ground temperature (15 oC) as shown in Fig. 5(a,b). Due to recharging 
in summer, the average BHE wall temperature rises and is above 15 oC in autumn (Fig. 5 (d)).

Figure 4: Optimal operation schedules for typical days (a) spring (b) summer (d) autumn
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Figure 5: Temperature at the BHE wall, inlet and outlet for (a) winter (b) spring (c) summer (d) autumn

4. Conclusion

A methodology for the optimal design and operation of a hybrid solar GSHP accounting for seasonal effects of 
solar regeneration is developed. The methodology is applied to a single-family residential building in Zurich, 
Switzerland. The results show that higher BHE lengths and solar collector area can lead to emission reduction and 
solar regeneration of the ground is necessary to regulate BHE temperatures seasonally.  
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