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 ABSTRACT 

Nowadays, the issue of reducing CO2 emissions due to energy production is spreading 

more and more in international political agendas. Several European programs propose 

guidelines with targets in the short and long term and find support and collaborations from 

the main universities and research centres in the field of energy engineering. Among these, 

the Eidgenössische Technische Hochschule of Zurich and the Università degli Studi di 

Genova confirm themselves to be an example of innovation and applied research, with the 

installation of high efficiency multi-energy systems and a polygeneration microgrid, 

respectively. 

This project arises from a collaboration between these two important research centres and 

aims to formulate a linear optimization model for minimizing the CO2 emissions of a multi-

energy system, characterized by a seasonal geothermal storage with a water network at 

different temperature levels, to meet thermal and cooling demands. The difficulty of the 

work concerns the computational complexity that derives from the involvement of seasonal 

energy storage and the linearization of a strongly non-linear mathematical problem. This 

study continues the study performed at the ETH Separation Processes Laboratory on the 

optimal design of polygeneration systems with seasonal storage and proposes a general 

method to solve the optimal operation of a multi-energy system which involves a low 

temperature water network without predetermined flow directions and characterized by 

different energy levels. 

The developed methodology is applied to the Anergy Grid, a multi-energy system with 

seasonal geothermal storage installed in the ETH Science City Campus located in 



 

 

  

 

Hönggerberg, on the outskirts of Zurich. Finally, the behavior of the system is analyzed by 

performing a sensitivity analysis on the network configuration and on different 

characteristics of the multi-energy system.  
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 INTRODUCTION 

In 2008, ETH University joined officially the “Ressourcen und Umweltmanagementder 

Bundesverwaltung” (RUMBA) program. Its main objective is the continuous reduction of 

operational and product-related environmental burdens of the civilian federal 

administration, which can mainly be achieved through cost savings and efficiency increase, 

the coordination of environmental activities of the civilian federal administration and the 

model role of the government in the environmental field. Each ETH department is 

represented in the RUMBA Commission with environmental delegates. Thus, the 

University departments are involved in the effort to improve the energy efficiency and 

sustainability of ETH facilities in order to achieve a rapid reduction of CO2 emissions in the 

energy usage of its infrastructure [1]. For this reason, ETH University installed the Anergy 

Grid at the Science City of Hönggerberg Campus, which is in operation since 2013. It 

consists of a dynamic underground storage system that aims to replace the heat and cold 

production from fossil-based technologies. This can be realized thanks to a smart 

networking of heating sources and sinks in combination with a seasonal shift. 

The present study aims to model the entire energy system which operates at the Science 

City in a linear optimization framework, to identify the most important parameters to 

control the system and to find their values along the year for the optimal operation of the 

system, minimizing annual CO2 emissions. The work has been performed within the 

Reliability and Risk Engineering Laboratory of ETH in collaboration with the Naval, 

Electrical, Electronic and Telecommunications Engineering Department (DITEN) and the 

Computer Science, Bioengineering, Robotics and Systems Engineering Department 



 

 

  

 

(DIBRIS) of the Università degli Studi di Genova, the “Laboratoire Optimisation de la 

Conception et Ingénierie de l’Environnement” (LOCIE) of the Université Savoie Mont 

Blanc and the Separation Processes Laboratory of ETH. The mathematical model is 

formulated as a mixed-integer linear programming (MILP) and the optimization is 

implemented in MATLAB using the academic free license of GUROBI and CPLEX 

solvers. 

The structure of the thesis is reported in the following: 

 Chapter 1, Multi-energy systems with geothermal storage. The concept of multi-

energy systems is introduced with a focus on the integration with geothermal 

storage systems and the consequent implications on the dynamics of the system. 

 Chapter 2, State of the art of multi-energy systems optimization. The main studies in 

the literature regarding the context of energy systems optimization are described. 

 Chapter 3, Description of the case study. A detailed illustration of the Anergy Grid 

is provided. The layout of the Hönggerberg Campus, the requested power demands, 

the working principles of the installed conversion technologies and of the 

geothermal field, the hydraulic network are described. Three different 

configurations of the case study are reported. Moreover, a complete overview of the 

mathematical techniques adopted to linearize the equations of the system is made. 

 Chapter 4, Mathematical model. The mathematical programming model developed 

in order to plan the operation of the Anergy Grid is illustrated in detail. 



 Chapter 5, Analysis of results. The strategy adopted to solve the optimization 

problem and the solutions for the three configurations of the case study are 

analysed. A sensitivity analysis on relevant parameters for the operation of the 

system is performed and energy considerations are made. Finally, some significant 

graphs concerning the operation of the system are shown. 

 Chapter 6, Conclusions. Considerations on the obtained results of this study are 

made and possible outlooks for future developments are proposed. 
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CHAPTER 1: MULTI-ENERGY SYSTEMS WITH GEOTHERMAL 
STORAGE 

This chapter describes the benefits produced by the use of multi-energy systems, which 

motivate their growing development in recent years. Subsequently, the reasons 

justifying the growing interest in seasonal geothermal storage technologies are reported. 

Finally, a general description of direct-use geothermal fields is provided. 

1.1. Why multi-energy systems 

Concerns exist regarding the contribution of energy production to global warming, as 

well as other environmental problems such as air pollution, acid precipitation, ozone 

depletion, forest destruction, and radioactive emissions [2]. There are different 

alternatives to fossil fuels, such as hydropower, solar, wind, geothermal and nuclear 

energy. The use of many of the available natural energy resources is limited due to their 

reliability, quality, and energy density. Innovative technologies aimed at mitigating 

global warming are being proposed and tested in several countries. Among these 

technologies, multi-energy systems can make an important contribution thanks to their 

potential for high efficiencies as well as low operating costs and pollution emissions per 

energy output. For all these reasons, multi-energy systems can reduce greenhouse gas 

emissions, especially carbon dioxide. Since a multi-energy system often needs a lower 

amount of fuel to provide the same power output compared to a conventional power 

plant, a multi-energy plant typically emits less greenhouse gases. Despite this benefit, 

some restrictions exist to the use of multi-energy systems in a residential district 

because of their on-site gas emissions. Another important advantage of using multi-

energy systems is that they can reduce costs and energy losses because they require 

shorter electricity transmission lines and fewer distribution units. The conventional 
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production of electrical energy typically takes place from a centralized power plant that 

is generally located far from the end users. Hence, the transmission and distribution 

electrical losses from a centralized system to the user are on average around 9%. Such 

advantages have motivated researchers and designers to develop suitable multi-energy 

systems. Often, the most significant factor in the implementation of a multi-energy 

system is the potential improvement in the efficiency. Further assessments before 

designing or selecting multi-generation plants, for instance evaluations of initial 

investment and operating costs, are necessary to ensure efficiency and profitability to 

the construction and performance of a multi-energy system [3]. 

Several analysis and optimization studies of multi-energy systems have been published 

in the recent years. Some of these systems are being considered as options for 

mitigating climate change. Note that various methods are available to achieve each 

purpose of a multi-energy system; hence the appropriate application for each case is 

important in meeting the system’s requirements. 

1.2. Multi-energy systems with seasonal geothermal storage 

Multi-energy systems are increasingly based on the production of energy from 

renewable sources. The fluctuation and non-programmability of renewable energy make 

the management of a system with a strong sharing of green energy unreliable and the 

installation of energy storage technologies becomes an unavoidable necessity. For this 

reason, the development of hot water thermal storages and electric batteries are having a 

major development in the current market. These technologies are able to offset the 

imbalances due to short-term fluctuations in the production of energy from widely used 

sources such as solar photovoltaics and wind power. However, such renewable 

technologies present a more marked fluctuation over long periods, with seasonal 
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frequency, making the production of electricity more intense during the summer rather 

than during the winter or vice versa depending on the type of technology. For this 

reason, in recent years numerous studies and applications have been conducted to 

develop storage technologies capable of maintaining the energy accumulated over long 

periods, guaranteeing very low energy losses. This would make it possible to store the 

energy produced in excess during the most favorable seasons, to be able to use it 

months later during the most disadvantageous periods for the production of energy. 

Such developments have been realized for electricity with fuel cells and for thermal 

energy with geothermal fields. This is making seasonal geothermal fields of particular 

interest in current research [4]. By the way, maintaining optimal management of this 

technology still remains an open challenge due to the large complexity of the 

optimization problem, which involves numerous decisional variables and a copious set 

of input data due to the long time horizon that must be considered. 

In 2018, Gabrielli et al. [5] of ETH have published a study on a multi-energy system 

with seasonal storage facing in a very detailed way the problem of large computational 

complexity. They take as reference the work of Pfenninger [6], in which numerous 

clustering methods of typical days are analyzed within long time horizons in order to 

make computation calculations possible. They propose two methods that simplify the 

problem from the computational point of view with respect to the full-scale case, 

however, able to faithfully follow the long dynamic dictated by geothermal storage. 

These methods will be described more in detail in the following chapters. 

The installation of a geothermal storage to meet the thermal power and cooling power 

demands of a district necessarily implies the presence of a hydraulic network that 

connects the geothermal field with the users. The integration of a network of pipes that 
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transports heat from one point to another of the plant according to a linear formulation 

model is a problem that has already been addressed in the literature by Weber and Shah 

[7] and Bracco and Siri [8]. Such models allow to describe both the design and 

operational optimization of a district heating network linked to a multi-energy system. 

Nevertheless, in literature there is not a linear description for an optimization problem 

of a hydraulic network which is connected to a seasonal geothermal storage and 

considers the different temperature levels of the water flow to satisfy both thermal and 

cooling demands. 

1.3. Geothermal systems for heating and air conditioning 

Geothermal energy is a type of renewable energy which is generated within the earth 

and can be used directly for heating or transformed into electricity. An advantage of 

geothermal energy over some other renewable energy sources is that it is available year-

long (whereas solar and wind energy present higher variability and intermittence) and 

can be found around the world. For electricity generation, medium- to high-temperature 

resources, which are usually close to volcanically active regions, are needed. 

Geothermal power has considerable potential for growth. The amount of heat within 

10000 metres of the earth's surface is estimated to contain 50000 times more energy 

than all oil and gas resources worldwide [9]. 

Electricity production is the main and most important form of use of high temperature 

geothermal resources (> 150 °𝐶). The resources at medium-low temperature (<150 °𝐶) 

are suitable not only for the generation of electricity with binary cycle plants, but also 

for a multiplicity of direct uses of heat, ranging from the heating of rooms, to 

refrigeration, to agricultural uses, to the aquaculture, for use in hot industrial processes 
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[10]. Figure 1.1 illustrates the percentage distribution of total installed capacity of 

geothermal direct application worldwide in 2015 [11]. 

 

Figure 1.1: Geothermal direct application worldwide in 2015 

A shown in the figure above, heat pumps are the form of direct use of geothermal heat 

with the greatest use of energy and the greatest installed power. The different heat pump 

systems available allow to extract and economically use the heat contained in low 

temperature bodies, such as soil, shallow aquifers, surface water masses, etc. They are 

machines that move heat from a colder space to a warmer one by consuming electricity. 

Moreover, many heat pumps are reversible and theirs operation can be inverted, being 

able to operate alternatively as heating or cooling units. Coupled with a geothermal 

field, heat pumps are able to achieve very high coefficients of performance (COPs), 

making them among the most efficient heating and air conditioning systems for 

reducing greenhouse gas emissions. 
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1.3.1. Closed loop systems 

The vertical geothermal probes consist of a closed system of one or more U-connected 

pipes on the bottom of the well, generally at a depth of 100 - 150 m, inside which the 

heat transfer fluid coming from the heat pump flows, see Figure 1.2.  

 

Figure 1.2: Closed loop representation (https://www.climatemaster.com/homeowner/side-links/faq) 

The heat exchange processes take place underground, partly amplified by the thermal 

properties of the soil and the temperature of the undisturbed soil, which allow the 

extraction/dissipation in the subsoil of the thermal/cooling power generated by the heat 

pump. The best conditions are in the presence of fractured rock formations, with 

considerable groundwater flow. In fact, on the one hand rocks have in general good 

conductive properties, and on the other hand the permeability favors the convective 

component, due to the motion of the groundwater. In contrast, dry soils provide the 

worst yields, due not only to the lack of water, but also and above all to the presence of 

air between the granules. 

For this type of technology, special care must be taken to avoid freezing of the fluid 

circulating inside the probes, due to considerable under-sizing of the geothermal heat 

https://www.climatemaster.com/homeowner/side-links/faq
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exchanger. The decrease of the temperature below the freezing limit imposed by the 

antifreeze fluid mixed with the water in the probes, even for limited time periods, 

involves the freezing of the heat transfer fluid, with obvious damage to the pipes and 

especially to the heat pump, up to when the geothermal system is completely broken. 

1.3.2. Open loop systems 

Geothermal wells with groundwater drawing generally provide better yield results than 

vertical geothermal probes. In fact, with sufficient flow rates the total thermal power 

required can be obtained with a much lower number of perforations than in the closed 

circuit solution. A geothermal extraction well usually intercepts an artesian aquifer; a 

pump at the bottom of the well is then prepared in order to extract the water with 

sufficient flow rates. For each extraction well, it is necessary to add re-injection wells 

for the discharge of the water leaving the heat pump in the same aquifer, as shown in 

Figure 1.3 

 

Figure 1.3: Open loop representation (https://www.climatemaster.com/homeowner/side-links/faq) 

https://www.climatemaster.com/homeowner/side-links/faq
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However, ground water cannot be used directly, due to the fine particles dissolved in it 

and its salt and metal content. Therefore, before entering the heat pump, it is also 

necessary to insert a filter in the circuit to retain the finest particles, which could 

damage the evaporator of the machine. Also with regard to reinjection, there are several 

technical problems, since the clogging of the filters at the bottom of the well can occur 

more frequently than in the extraction well. 

Being an open circuit that does not always use the same water, the risk of fluid freezing 

is very low. 

1.3.3. Horizontal collector systems 

The solution of horizontal geothermal collectors consists in arranging, in various 

possible solutions (serpentine, spiral, etc.), polyethylene pipes lying on a large surface 

of soil, at a depth of 2-3 meters, as shown in Figure 1.4. In fact, the first 2 meters partly 

shield the tubes from solar radiation, so at this depth there is not an excessive 

temperature variability. 

 

Figure 1.4: Horizontal GT system representation 

(https://www.climatemaster.com/homeowner/side-links/faq) 

https://www.climatemaster.com/homeowner/side-links/faq
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This system has a modest thermal yield per square meter of soil. For this reason, a 

limitation of the system is that it requires a large extension to satisfy even relatively 

small powers. 

Another limit to the use of this system is that the soil must have a high permeability. In 

fact, the installation of the collectors in dry soils leads to mediocre results which, with 

the operation of the heat pump over time, can also cause a complete drying up of the 

soil with the result of the progressive deterioration of the efficiency of the system. 

1.4. Worldwide distribution of direct-use geothermal systems 

The data reported are obtained from the World Geothermal Congress held in Australia 

and New Zealand in 2015. The growing awareness and popularity of the geothermal 

heat pumps has had the most significant impact on the direct use of geothermal energy. 

The annual energy use of these units grew 1.62 times at a compound rate of 10.3%, 

while the installed capacity grew 1.51 times at a compound annual rate of 8.65% 

compared to the situation of 2010. This is partially due to the ability of geothermal heat 

pumps to utilize groundwater or ground-coupled temperature anywhere in the world. 

Figure 1.5 illustrates the distribution of direct geothermal energy capacity installations 

per region. 

Asia and Europe are the leaders having respectively 18 and 32 countries utilizing 

geothermal energy for direct-use applications. Several countries stand out as major 

consumers of geothermal fluids for direct uses (China, USA, Japan, Iceland and 

Germany); however, in most countries development is slow. This is due to the fact that 

fossil fuels are a major competitor as well as the initial high investment costs of 

geothermal projects. 
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Figure 1.5: Geothermal installed capacity by region 

Noteworthy in Europe are the cases of Iceland with 90% of building space heating 

covered by geothermal heat pumps, of Sweden with 20% of building heated using 

geothermal heat pumps and of Switzerland, which with 90,000 geothermal heat pumps 

installed, has the highest density of installation per surface (~3 𝑢𝑛𝑖𝑡𝑠/𝑘𝑚2).  
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CHAPTER 2: STATE OF THE ART OF MULTI-ENERGY 
SYSTEMS OPTIMIZATION 

This chapter presents a general overview of the state of the art on optimization of multi-

energy systems. A literature review with a reference to the innovative aspects of the 

present study is reported. 

2.1. Operational and design optimization 

A first classification of multi-energy systems optimization problems can be made basing 

on the purpose of the formulation of the optimization problem, which can be: 

 Determination of the optimal operational strategies of the plant (optimal 

operation) 

 Determination of the optimal multi-energy system configuration (optimal 

design) 

In the first category of problems, the operational strategies of the plant are decisional 

variables of the optimization problem, while typologies, number and sizes of the 

technologies are input data and represent part of the constraints (such as capacity 

constraints). In this category of problems, some are mono-objective, aimed at 

minimizing the costs of energy carriers in input to the system, others are multi-objective 

with economic, environmental, economic and exergetic criteria. The most common 

solution methodologies are those typical for linear programming problems. 

In the second type of problems, the set of technologies, their number with the relative 

sizes and the related operational strategies are decisional variables of the optimization 

problem, and therefore represent the output of the solution. The mono-objective 

problems of such category have usually as objective function the minimization of the 
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total costs or the maximization of the net present value (NPV). On the other hand, 

multi-objective optimization problems use economic and environmental criteria in order 

to minimize the total annual costs and CO2 emissions of the system. Even in this case, 

the most common solution methodologies are those typical for linear programming 

problems. 

2.2. Optimization criteria 

As mentioned before, the optimization criteria used in most of the studies present in 

literature are of economic, environmental and exergetic nature. 

In both mono-objective and multi-objective problems of operational optimization, the 

economic objective is, in most cases, formulated as the total cost of energy carriers to be 

minimized. The cost of energy carriers depends on the fuel consumption of the involved 

technologies, and therefore it depends on the operational strategies of the network, 

which are decisional variables of the optimization problem. 

The environmental objective, both in terms of operational and design optimization, is 

formulated as the environmental impact, in terms of total CO2 emissions, to be 

minimized. As in the case of energy carrier costs, emissions depend on the operational 

strategies of the energy network, which are decisional variables of the optimization 

problem. 

The exergetic analysis is normally employed in the study of multi-objective operational 

optimization problems of multi-energy systems. The aim is to reduce the waste of 

energy resources characterized by a high level of energy quality, such as fossil fuels and 

electricity, and the related environmental impact. The exergetic objective can be 

formulated as the primary exergy in input to the energy network to be minimized or as 
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the destruction of exergy, which occurs in primary conversion systems, to be 

minimized. As in the case of the cost of energy carriers, and CO2 emissions, both the 

primary exergy in input and the destruction of exergy that occurs in primary conversion 

systems, depending on the consumption of primary sources, depend on the operational 

strategies of the network, which are decisional variables of the optimization problem. 

In design optimization problems, whether mono-objective or multi-objective, the 

economic purpose is, in most cases, formulated as the total cost of the system to be 

minimized. This cost is given by the sum of various cost functions, such as the 

investment cost of the technologies to be installed, the cost associated with the 

consumption of energy carriers, the cost of maintenance of the technologies, and costs 

related to the carbon tax. 

2.3. Literature review 

In literature, there are numerous studies that analyse the optimization of models of 

multi-energy systems. Connolly et al. provided a review of different computer tools that 

can be used to analyse the integration of renewable energy in multi-energy systems 

[12]. This study allows to identify the most suitable energy tools for multi-objective 

analysis. An investigation on the state of the art in multi-objective distributed energy 

resources planning is presented by Alarcon-Rodriguez et al. [13]. Mancarella published 

in 2014 a comprehensive and critical overview of the latest models and assessment 

techniques that are currently available to analyse multi-energy systems, distributed 

multi-generation systems, including the concept of energy hubs, microgrids and virtual 

power plants [14]. He included also a description of the different approaches and 

criteria for energy, environmental and techno-economic assessment. In 2015, Allegrini 
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et al. presented a review of modelling approaches and associated software tools that 

address energy systems at urban district-level energy systems [15]. 

The coupling of multi-energy systems with accumulation technologies increases the 

complexity of the problem, since it is necessary to also consider the operation of the 

system to best use the storage technologies. 

Elsido et al. proposed a MINLP (Mixed Integer Non Linear Programming) model and a 

two-stage optimization algorithm for determining the most profitable synthesis and 

design of combined heat and power units within a district heating network with thermal 

storage while taking into account the optimal scheduling of the units over the year [16]. 

In the context of MILP (Mixed Integer Linear Programming) formulations, Hawkes and 

Leach developed a linear programming cost minimisation model for high level system 

design and unit commitment of generators and storage within a microgrid [17]. Ahmadi 

et al. reported a multi-objective thermodynamic modeling and optimization of a 

polygeneration energy system for the simultaneous production of heating, cooling, 

electricity and hot water from a common energy source [18]. 

A further series of studies has been published for the optimization of multi-energy 

systems with the inclusion of a network for the distribution of energy vectors between 

the different nodes of the system. 

Weber and Shah presented a district energy system design and optimization tool, based 

on MILP technics, to decrease the CO2 emissions while at the same time guarantee 

resilience of supply [7]. Mehleri et al. published a minimising costs MILP model for the 

optimal design of distributed energy generation systems characterized by heating and 

electrical power demands [19]. The study includes the optimal design of a heating 
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pipeline network, that allows heat exchange among different nodes. Bracco et al. 

presented a multi-objective MILP model to perform design and operation optimizations 

of an energy system installed in an urban area with the inclusion of a heat distribution 

network [20]. 

In the aforesaid works, simplifications on models are introduced in order to deal with 

the high complexity of the optimization problem. Such simplifications lead to a 

reduction in the description of the time horizon in typical days. In this way, it is possible 

perform an analysis of the system dynamics over a year. This type of time horizon 

modeling is suitable for applications involving short-term energy storage technologies, 

such as hot water thermal storages or electric batteries. However, it is not suitable for 

the study of design and operation of seasonal storage technologies due to the lack of 

continuity in the decision variables between typical days. 

In 2018, Gabrielli et al. published a study with a solution to this issue, still maintaining 

the subdivision of the time horizon in design days [21]. Two MILP formulations are 

proposed that allow to couple consecutive typical days. Starting from the formulation of 

the k-means clustering formulated by Lloyd [22] and from Pfenninger’s work [6] on the 

analysis of the different techniques to reduce the time resolution of energy models, the 

time horizon is split in a set of design days organized in a sequence vector by using the 

MATLAB-embedded clustering algorithm k-means [23]. The algorithm receives as 

inputs the weather conditions, the energy prices and the load profiles, it solves a MINLP 

problem to find the most representative set of typical days and to assign every day of 

the time horizon to a specific design day among the set. Moreover, since the clustering 

procedure smooths the peaks of the input data making the resolution of the optimization 

problem less faithful to the real case, constraints on the clustering procedure are added 
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to maintain the minimum and maximum values of the original demand profiles. The 

implemented optimization framework is illustrated in Figure 2.1. 

 

Figure 2.1: Optimization framework proposed by Gabrielli et al. [5] 

As explained above, the weather data, the energy demands and the energy prices are 

clustered into design days by the k-means algorithm. A design optimization problem is 

solved basing on the selected set of typical days, on the gas price and on data provided 

by the models of technologies. It gives as result the selection and the corresponding size 

of the technologies and a preliminary operation of the system. Such solutions are used, 

together with the original inputs and with the models of the technologies, as input data 

to solve a detailed operation optimization problem. 

The present work uses the optimization tool developed by Gabrielli et al. to solve an 

operation optimization problem of a multi-energy system with seasonal storage that 
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includes a low temperature water distribution network characterized by different 

temperature levels. A thermal demand and two required cooling loads at different 

temperature levels are satisfied by conversion technologies (heat pumps and heat 

exchangers) connected in series that exploit the energy contained in the same water flow 

which circulates in the network. This type of problem is strongly non-linear and is not 

addressed in the literature articles listed above. The non-linearities are mainly due to the 

products between the decision variables of mass flow rate and temperature, which are 

present in every energy balance. 

Yliruka has addressed this problem by proposing a linear solution method based on a 

genetic algorithm for defining the flow profile [24]. However, this is a heuristic solution 

that makes it difficult to determine a general methodology for solving the problem. 

In this work, the described problem is solved in a MILP formulation through an 

optimization strategy that makes use of the mathematical method of McCormick 

envelopes [25]. The model is relaxed in a linear form and the solution obtained is 

partially used as input data to solve the original problem by introducing a known 

amplitude deviation from the optimal solution. 

For the formulation of the mass and energy balances of the network model, Metz's work 

was taken as a reference [26]. He presented a methodology applied to the same case 

study of this work to model the network with non-predetermined directions by assigning 

binary variables to the flow directions in the branches. 
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CHAPTER 3: DESCRIPTION OF THE ANERGY GRID AND 
MODELING OF TECHNOLOGIES 

In this chapter, the system under study is presented and a detailed description of the 

installed technologies is reported. Moreover, the main assumptions and equations used 

to model the components of the Anergy Grid are reported. 

3.1. Description of the system 

The system to be investigated is the modern ETH Zurich Hönggerberg Campus, which 

is located on the outskirts of the city of Zurich. It represents a perfect example of the 

links between science, industry and the municipality. The Hönggerberg Campus not 

only has new buildings for research and education but also apartment blocks for 

students. The ETH departments of Architecture, of Civil, Environmental and Geomatic 

Engineering, of Materials, of Biology, of Chemistry and Applied Biosciences and of 

Physics are hosted in this structure. A panoramic picture of the Campus is shown in 

Figure 3.1. 

 

Figure 3.1: View of the ETH Zurich Hönggerberg Campus 
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The Campus hosts more than 10,000 students, teachers and employees, with an energy 

demand of 29 𝐺𝑊ℎ of heating, 23 𝐺𝑊ℎ of cooling and 54 𝐺𝑊ℎ of electricity [27]. The 

heating demand alone complies with the heating energy demand of approx. 2,000 

family homes. In 2016 the University put additional residential buildings for students 

into operation. In order to satisfy these energy demands following the guidelines of the 

“Ressourcen und Umweltmanagementder Bundesverwaltung” (RUMBA) program, 

ETH University built at the Hönggerberg Campus the Anergy Grid, a dynamic 

underground storage system that shall replace the heat and cold energy production with 

fossil-based technologies. This is achieved by an intelligent network of heating sources 

and sinks in combination with a seasonal shift. This allows a significant reduction of 

fossil energy demands, which are associated to high CO2 emission rate. The first phase 

of construction began in 2003 and was completed in 2012. ETH University has carried 

out this project together with the Amstein + Walthert Group, one of Switzerland's 

leading engineering and consulting firms.  

The present study investigates the potential of the Anergy Grid, which is illustrated in 

Figure 3.2. Three big geothermal fields are installed underground and a low temperature 

water network connects them with the buildings on the surface. The geothermal fields 

are constituted by 200 𝑚 deep vertical U-shaped probes that are exploited as seasonal 

energy storage [24]. The buildings of the Campus are organized into clusters, which are 

connected to a single substation underground. Each cluster requires both heating and 

cooling power demands. The cooling demand is divided in two categories: a low 

temperature cooling demand for the laboratories of the campus and a high temperature 

cooling demand for the air conditioning system. In each cluster, one heat pump and two 

heat exchangers are installed in order to meet the demands by exploiting the geothermal 

source. The heat pump absorbs electrical energy by the national grid and is used to 
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provide the heating power. The two different heat exchangers are installed in order to 

satisfy the low and high temperature cooling demands. The seasonal heat integration is 

achieved by exploiting the geothermal fields. The water circulating through the 

geothermal probes enters from the hydraulic ring circuit and it returns back to it after 

exchanging heat with the soil. During summer, the cooling demand in the clusters is 

high. Therefore, the water fed to the geothermal fields coming from the substations is 

warmer than the soil. Hence, the water circulating in the probes is cooled while heating 

up the ground. The cooled water is again able to absorb heat in the heat exchangers of 

the substation, providing the cooling energy required in summer. In winter, the process 

is reversed. The heating demand is high, so the water entering the geothermal fields is 

colder than the ground, which is gradually cooled while recovering the heat. The soil 

temperature is expected to show a cyclic behavior. 

 

Figure 3.2: Anergy Grid installation at the Hönggerberg ETH Campus 
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If the Anergy Grid does not manage to satisfy the loads, auxiliary technologies, which 

are installed in each cluster, are put into operation to meet the demands: a boiler fed by 

natural gas and electrical compression chillers, which provide respectively heating and 

cooling power. These are the standard technologies that were present before the 

installation of the Anergy Grid. Figure 3.3 illustrates a representation of the Anergy 

Grid as a multi-energy system. 

 

Figure 3.3: Power technologies installed at the Science City 

3.2. Standard auxiliary technologies 

Standard auxiliary technologies are installed in each cluster of the ETH Hönggerberg 

Campus in order to meet the requested power demands. As aforesaid, such components 

are a boiler fed by natural gas for the thermal demand and electrical compression 

chillers for the low temperature and high temperature cooling demands. These are the 

technologies that managed to satisfy the loads before the installation of the Anergy 

Grid. 
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3.2.1. Boiler 

The boiler is a very common energy conversion technology, which transforms the 

energy contained in the chemical bonds of the input fuel into thermal energy through 

the combustion process. Detailed studies on boiler modeling are present in literature 

which take into account the dynamic behavior of the combustion reaction, but for the 

aim of this study a full complex description of the technology is not necessary. Thus, 

only a simple performance equation of the boiler is employed: 

 𝑄̇𝐵 = 𝜂𝐵𝑃𝐺  (3.1) 

where: 

𝑄̇𝐵: thermal power provided by the boiler [𝑊] 

𝜂𝐵: thermal efficiency of the boiler [-] 

𝑃𝐺: chemical power of natural gas consumed by the technology [𝑊] 

The fuel is provided by the national natural gas grid. 

3.2.2. Electrical chiller 

Electrical chillers are installed to satisfy the two cooling demands required by the users. 

This type of conversion technology absorbs electrical energy by the national electrical 

grid and provides cooling energy through a refrigeration cycle. As the boiler, the low 

temperature and high temperature chiller performance are modeled through the 

following equations: 

 𝑄̇𝐶𝐻_𝐿𝑇 = 𝐶𝑂𝑃𝐶𝐻_𝐿𝑇𝑃𝐶𝐻_𝐿𝑇 (3.2) 
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where: 

𝑄̇𝐶𝐻_𝐿𝑇: low temperature cooling power provided by the chiller [𝑊] 

𝐶𝑂𝑃𝐶𝐻_𝐿𝑇: coefficient of performance of the low temperature chiller [-] 

𝑃𝐶𝐻_𝐿𝑇: electrical power consumed by the technology [𝑊] 

 𝑄̇𝐶𝐻_𝐻𝑇 = 𝐶𝑂𝑃𝐶𝐻_𝐻𝑇𝑃𝐶𝐻_𝐻𝑇 (3.3) 

where: 

𝑄̇𝐶𝐻_𝐻𝑇: high temperature cooling power provided by the chiller [𝑊] 

𝐶𝑂𝑃𝐶𝐻_𝐻𝑇: coefficient of performance of the high temperature chiller [-] 

𝑃𝐶𝐻_𝐻𝑇: electrical power consumed by the technology [𝑊] 

3.2.3. Hot water thermal storage 

The hot water thermal storage is a storage technology for the accumulation of thermal 

energy for short periods, due to a limited capacity and relatively high thermal losses. It 

is a cheap, developed and commercial system. It allows to store thermal energy up to a 

maximum value, corresponding to its size, and to release thermal power in subsequent 

periods. It is not a technology installed in the Anergy Grid, but the present study intends 

to analyse the possible advantage that the inclusion of hot water thermal storage would 

provide in terms of CO2 emissions reduction. 

Assuming to consider a discretized time horizon in which 𝑡 indicates a generic time 

instant, the energy stored inside the technology at a given time instant 𝐸𝑡
𝐻𝑊𝑇𝑆 depends 

on its level at the previous time instant 𝐸𝑡−1
𝐻𝑊𝑇𝑆 and it is described by the Equation (3.4). 
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𝐸𝑡
𝐻𝑊𝑇𝑆 = 𝐸𝑡−1

𝐻𝑊𝑇𝑆(1 − ΛΔ𝑡) + 

−(Π𝑆𝐻𝑊𝑇𝑆ℎ(𝑇𝑡
𝑎𝑖𝑟) − 𝜂𝐻𝑊𝑇𝑆_𝑖𝑛𝑄̇𝐻𝑊𝑇𝑆_𝑖𝑛 +

1

𝜂𝐻𝑊𝑇𝑆_𝑜𝑢𝑡
𝑄̇𝐻𝑊𝑇𝑆_𝑜𝑢𝑡)Δ𝑡 (3.4) 

where: 

𝐸𝑡
𝐻𝑊𝑇𝑆: energy stored inside the technology at time 𝑡 [𝑊ℎ] 

Λ: self-discharge efficiency [ℎ−1] 

Δ𝑡: duration of the time interval [ℎ] 

Π: ambient loss contribution coefficient [-] 

𝑆𝐻𝑊𝑇𝑆: size of the hot water thermal storage [𝑊ℎ] 

𝜂𝐻𝑊𝑇𝑆_𝑖𝑛: charging efficiency [-] 

𝑄̇𝐻𝑊𝑇𝑆_𝑖𝑛: thermal power entering in the hot water thermal storage [𝑊] 

𝜂𝐻𝑊𝑇𝑆_𝑜𝑢𝑡: discharging efficiency [-] 

𝑄̇𝐻𝑊𝑇𝑆_𝑜𝑢𝑡: thermal power exiting from the hot water thermal storage [𝑊] 

The ℎ function expresses the influence of the ambient temperature 𝑇𝑎𝑖𝑟 on the losses of 

the storage technology, as described by Steen et al. [28]. It depends on the maximum 

𝑇𝐻𝑊𝑇𝑆_𝑚𝑎𝑥 and minimum 𝑇𝐻𝑊𝑇𝑆_𝑚𝑖𝑛 temperature level of a thermal energy storage with 

ideal stratification and it is defined by the Equation (3.5). 

 ℎ𝑡 =
𝑇𝐻𝑊𝑇𝑆_𝑚𝑖𝑛 − 𝑇𝑡

𝑎𝑖𝑟

𝑇𝐻𝑊𝑇𝑆_𝑚𝑎𝑥 − 𝑇𝐻𝑊𝑇𝑆_𝑚𝑖𝑛
 

(3.5) 

The thermal power entering in or exiting from the storage technology is limited to a 

maximum value, as expressed in Equations (3.6) and (3.7). 
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 𝑄̇𝐻𝑊𝑇𝑆_𝑖𝑛 ≤
𝑆𝐻𝑊𝑇𝑆

𝜏𝐻𝑊𝑇𝑆
 (3.6) 

 𝑄̇𝐻𝑊𝑇𝑆_𝑜𝑢𝑡 ≤
𝑆𝐻𝑊𝑇𝑆

𝜏𝐻𝑊𝑇𝑆
 (3.7) 

where 𝜏𝐻𝑊𝑇𝑆 [ℎ] represents the time required to fully charge or discharge the storage. 

3.3. Single node plant description 

A single node of the system, composed by one cluster directly connected to a 

geothermal field, is here analysed. The three conversion technologies of the Anergy 

Grid installed in the clusters are connected in series according to the scheme shown in 

Figure 3.4. 

 

Figure 3.4: Single node plant scheme 

The different quantities labeled in Figure 3.4 are: 

𝑇𝑏: average borehole wall temperature [𝐾] 
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𝑇𝑖𝑛: inlet temperature inside the circuit [𝐾] 

𝑇’: temperature of the heat transfer fluid at the exit of the heat pump [𝐾] 

𝑇’’: temperature of the heat transfer fluid at the exit of the low temperature heat 

exchanger [𝐾] 

𝑇𝑜𝑢𝑡: temperature of the heat transfer fluid at the exit of the high temperature heat  

exchanger [𝐾] 

𝑄̇𝐻𝑃: thermal power provided by the HP to the cluster [𝑊] 

𝑄̇𝐿𝑇: low temperature cooling power extracted by the low temperature heat exchanger 

from the laboratory water [𝑊] 

𝑄̇𝐻𝑇: high temperature cooling power extracted by the high temperature heat exchanger 

from the air conditioning system [𝑊] 

𝑃𝐻𝑃: electrical power absorbed by the heat pump from the national electrical grid [𝑊] 

𝑚̇: mass flow rate of the heat transfer fluid flowing within the circuit [𝑘𝑔/𝑠] 

The mass flow rate coming from the geothermal field at temperature 𝑇𝑖𝑛 passes through 

the heat pump, which provides thermal power to the cluster and decreases the 

temperature of the heat transfer fluid. The fluid exits the heat pump at temperature 𝑇′ 

and enters into the first heat exchanger. There, it increases its temperature, assuming at 

the outlet the temperature value 𝑇′′ and the same happens in the second heat exchanger. 

Finally, the mass flow rate comes back into the geothermal field at temperature 𝑇𝑜𝑢𝑡. 

The hydraulic circuit allows the mass flow rate to completely bypass the heat pump or 

the heat exchangers, acting on valves. Hence, the heat transfer fluid has the possibility 
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to bypass one, two or three technologies maintaining its temperature level and 

consequently the corresponding conversion technology will not provide thermal or 

cooling power to the user. 

3.4. Technologies description 

In this section, a description of the conversion technologies of the single node is 

provided. 

3.4.1. Heat Pump 

The characteristic equation of the heat pump is described by the Equation (3.8). 

 𝑄̇𝐻𝑃 = 𝑃𝐻𝑃
𝑇𝑐𝑜𝑛𝑑

𝑇𝑐𝑜𝑛𝑑 − 𝑇𝑒𝑣𝑎
𝜉 (3.8) 

where: 

𝑄̇𝐻𝑃: thermal power provided by the heat pump [𝑊] 

𝑃𝐻𝑃: electrical power absorbed by the heat pump [𝑊] 

𝑇𝑐𝑜𝑛𝑑: temperature at the condenser of the heat pump [𝐾] 

𝑇𝑒𝑣𝑎: temperature at the evaporator of the heat pump [𝐾] 

𝜉: ratio between real thermodynamic cycle efficiency and Carnot cycle efficiency [-] 

The energy balance between the heat transfer fluid and the evaporator fluid at the user 

side can be evaluated through the Equation (3.9): 

 𝜖(𝑇𝑖𝑛 − 𝑇𝑒𝑣𝑎) = 𝑇𝑖𝑛 − 𝑇′ (3.9) 
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where 𝜖 is a dimensionless number, which represents the efficiency of the heat 

exchanger. It is defined as the ratio between the actual heat transfer rate and the 

maximum possible heat transfer rate and it can be calculated with the Equation (3.10). 

 𝜖 = 1 − 𝑒−𝑁𝑇𝑈 (3.10) 

The Number of Transfer Units 𝑁𝑇𝑈 is another dimensionless parameter defined in the 

Equation (3.11). 

 𝑁𝑇𝑈 =
𝑈𝐴

(𝑚̇𝑐)𝑚𝑖𝑛
 (3.11) 

Substituting the Equations (3.10) and (3.11) in Equation (3.9), the temperature at the 

outlet of the heat pump 𝑇′ can be calculated using Equation (3.12): 

 
𝑇′ = 𝑇𝑖𝑛 − (𝑇𝑖𝑛 − 𝑇𝑒𝑣𝑎)(1 − 𝑒−

𝑈𝐴
𝑚̇𝑐) 

(3.12) 

where:      

𝑈: overall heat transfer coefficient [𝑊/(𝑚2 𝐾)] 

𝐴: heat exchange area [𝑚2] 

𝑐: specific heat of the heat transfer fluid [𝐽/(𝑘𝑔 𝐾)] 

𝑚̇: mass flow rate of the heat transfer fluid [𝑘𝑔/𝑠] 

The thermal power provided by the heat pump is related to the electrical power 

absorbed by the heat pump through the energy balance reported in Equation (3.13). 

 𝑄̇𝐻𝑃 = 𝑃𝐻𝑃 + 𝑚̇𝑐(𝑇𝑖𝑛 − 𝑇′) (3.13) 
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This equation expresses the energy balance between the energy fluxes entering in and 

exiting from a control volume containing the whole heat pump: the sum of the of the 

electrical power and the thermal power provided by the heat transfer fluid equals the 

heating power delivered by the technology. 

3.4.2. Heat exchanger 

Heat exchangers are considered as water-to-water counter-flow heat exchangers, which 

provide cooling power to the user. 

 

Figure 3.5: counter-flow heat exchanger illustration 

In the following, the main assumptions for the description of the technology are 

reported: 

 steady-flow 

 kinetic and potential energy changes are negligible 

 the specific heat of the fluids is constant 

 the axial heat conduction along the tube is negligible 

 the outer surface of the heat exchanger is perfectly insulated 
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Figure 3.6: temperature diagram of the heat exchanger as a function of its length 

The energy balance within the heat exchanger indicates that the rate of heat transfer 

from the hot fluid is equal to the rate of heat transfer to the cold one. 

In this case, the transfer rate to the heat transfer fluid can be expressed by Equation 

(3.14): 

 𝑄̇ = 𝑚̇𝐻𝑇𝐹𝑐𝐻𝑇𝐹(𝑇𝐻𝑇𝐹_𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹_𝑖𝑛) (3.14) 

Similarly, the Equation (3.15) shows the transfer rate extracted from the laboratory 

water. 

 𝑄̇ = −𝑚̇𝐿𝐴𝐵𝑐𝐿𝐴𝐵(𝑇𝐿𝐴𝐵_𝑜𝑢𝑡 − 𝑇𝐿𝐴𝐵_𝑖𝑛) (3.15) 

The temperature difference between the hot and cold fluids varies along the heat 

exchanger. So, it is convenient to refer to a log mean temperature difference Δ𝑇𝐿𝑀, 

which is expressed referring to Figure 3.6 in the Equation (3.16). 
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 Δ𝑇𝐿𝑀 =
(𝑇𝐿𝐴𝐵_𝑖𝑛 − 𝑇𝐻𝑇𝐹_𝑜𝑢𝑡) − (𝑇𝐿𝐴𝐵_𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹_𝑖𝑛)

ln ( 
𝑇𝐿𝐴𝐵_𝑖𝑛 − 𝑇𝐻𝑇𝐹_𝑜𝑢𝑡

𝑇𝐿𝐴𝐵_𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹_𝑖𝑛)

 (3.16) 

Thus, the heat transfer rate exchanged within the heat exchanger can be defined as in the 

Equation (3.17). 

 𝑄̇ = 𝑈𝐴Δ𝑇𝐿𝑀 (3.17) 

Low temperature heat exchanger 

Considering the low temperature heat exchanger as a lumped system, the cooling power 

provided by the technology can be expressed through the energy balance of Equation 

(3.18). 

 𝑄̇𝐿𝑇 = 𝑚̇𝑐(𝑇′′ − 𝑇′) (3.18) 

The low temperature heat exchanger provides cooling power to the water used during 

laboratory experiments in the cluster. The heat-transfer fluid, exiting from the heat 

pump at temperature 𝑇′, passes through the heat exchanger decreasing the temperature 

of the laboratory water. The water used in the laboratory is kept at constant temperature 

equal to 12 °𝐶. Hence, the set point temperature of the low temperature cooled stream in 

the cluster is𝑇𝐿𝐴𝐵_𝑜𝑢𝑡  = 12 °𝐶. For this reason, the Anergy Grid is operated in order to 

maintain constant at 12 °𝐶 the temperature 𝑇’’ of the heat-transfer fluid at the exit of the 

low temperature heat exchanger, assuming no temperature difference between 𝑇’’ and 

𝑇𝐿𝐴𝐵_𝑜𝑢𝑡. 

 𝑇′′ = 𝑇𝐿𝑇𝐻𝐸 (3.19) 
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where: 

𝑇𝐿𝑇𝐻𝐸: standard outlet temperature from the low temperature heat exchanger = 12 °𝐶. 

High temperature heat exchanger 

The same calculation procedure for the low temperature heat exchanger can be repeated 

for the high temperature heat exchanger. In this case, the heat-transfer fluid provides 

cooling power at higher temperatures to the water of the conditioning system, which has 

to be kept at 16 °𝐶 at the outlet. Thus, the set point temperature of the heat transfer fluid 

exiting from the high temperature heat exchanger is set to 16 °𝐶. 

The main equations, which describe the technology, are: 

 𝑄̇𝐻𝑇 = 𝑚̇𝑐(𝑇𝑜𝑢𝑡 − 𝑇′′) (3.20) 

 𝑇𝑜𝑢𝑡 = 𝑇𝐻𝑇𝐻𝐸 (3.21) 

where: 

𝑇𝐻𝑇𝐻𝐸: standard outlet temperature from the high temperature heat exchanger = 16 °𝐶. 

3.4.3. Geothermal field 

In the Anergy Grid, three geothermal fields with U-shaped vertical boreholes of 400 𝑚 

length (200 𝑚 downward and 200 𝑚 upward) are installed. The geothermal field GT 

HPL has 101 probes, the geothermal field GT HC has 128 probes and the geothermal 

field GT HW0 has 200 probes. In order to determine the amount of heat to be injected 

or extracted from the soil, the thermal behaviour of the soil has to be modeled. In other 

words, the dependence of the soil temperature on the heat injected or extracted at every 

hour of the year has to be described. The hourly heat injections or extractions of varying 
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magnitude present consecutive step heat inputs. The thermal response of a single 

borehole is a function of time 𝑡, distance to the borehole wall 𝑟𝑏 and the thermal 

diffusivity of the ground 𝛼. The thermal response function of the geothermal field 

results from the spatial superposition of the thermal response function of a single 

borehole. The temperature evolution of the soil is described by temporal superposition. 

The following assumptions are made in order to simplify the general partial differential 

equation for cylindrical heat sources: 

 absence of groundwater (there is not the convection term) 

 homogeneous soil (the diffusivity is not function of depth or radius) 

 axial heat conduction neglected (there is no dependency on the vertical axis) 

 symmetrical problem (there is no angular dependency) 

 borehole connection in parallel (the temperature values at the inlet and at the 

outlet of each borehole are the same) 

 effective undisturbed soil temperature 𝑇𝑠,0 

 thermal equilibrium between the U-tube probe and the grout on its outside. 

Due to these assumptions, the single vertical borehole heat exchanger can be modeled 

as an infinite line source [29]. The line source approach is in accordance with the shape 

of the probes of the geothermal field, their diameter being three magnitudes smaller 

than their length. The Equation (3.22) expresses the heat transport equation for an 

infinite line source. 
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 𝑇𝑏 − 𝑇𝑠,0 =
𝑞

4𝜋𝜆
∫

𝑒−𝑢

𝑢
𝑑𝑢 ≈

𝑞

2𝜋𝜆
[
1

2
(𝑙𝑛

4𝛼𝑡

(𝑟𝑏)2
− 𝛾)]

∞

(𝑟𝑏)
2

4𝛼𝑡

 (3.22) 

where: 

𝑇𝑏: average borehole wall temperature [𝐾] 

𝑇𝑠,0: undisturbed soil temperature [𝐾] 

𝑞: specific heat extraction rate [𝑊/𝑚] 

𝜆: thermal conductivity of the ground [𝑊/(𝑚 𝐾)] 

𝛼: thermal diffusivity of the ground [𝑚2/𝑠] 

𝑟𝑏: radius of the borehole [𝑚] 

𝛾: Euler-Mascheroni constant = 0.5772 [-]. 

The energy balance of the heat fluxes exchanged between the heat transfer fluid and the 

geothermal storage is expressed as: 

 𝑄̇𝐺𝑇 = 𝑚̇𝑐(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) (3.23) 

The energy balance at the wall of a single borehole can be calculated as: 

 𝑄̇𝐺𝑇

𝐿𝑁
=

1

𝑅𝑏
(𝑇𝑏 − 𝑇̅𝑓) 

(3.24) 

where: 

𝑄̇𝐺𝑇: thermal power provided by the geothermal field to the heat-transfer fluid [𝑊] 
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𝐿: length of the borehole [𝑚] 

𝑁: number of boreholes in the geothermal field 

𝑅𝑏: thermal borehole resistance [𝑚 𝐾/𝑊] 

The temperature gradient along the U-shaped probe is neglected and its temperature is 

approximated by the arithmetic mean between the inlet and the outlet temperature𝑇̅𝑓, 

according to the Equation (3.25). 

 𝑇̅𝑓 =
𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

2
 (3.25) 

The heat transport equation of the borehole is expressed as: 

 𝑇𝑏 = 𝑇𝑠,0 +
1

2𝜋𝜆𝐿𝑁
∑(𝑄̇𝑖

𝐺𝑇 − 𝑄̇𝑖−1
𝐺𝑇 )𝑔(𝑟𝑏, 𝑡 − 1)

𝑡

𝑖=1

 (3.26) 

The Equation (3.26) represents the dynamic equation for a finite line source thermal 

model of borehole heat exchanger. The equation contains both a temporal and a spatial 

superposition. The summation operator enables the temporal superposition of the step 

heat inputs 𝑄̇𝑡
𝐺𝑇. While the 𝑔-function of a geothermal field results from the spatial 

superposition of the individual thermal step responses [30]. The 𝑔-function is a 

dimensionless temperature factor that enables the quantification of the average 

temperature over the borehole length, in response to a step heat pulse. 

Due to legal regulations, the soil temperature has to remain within the interval of 

𝑇𝐺𝑇_𝑚𝑖𝑛= 8 °𝐶 to 𝑇𝐺𝑇_𝑚𝑎𝑥= 24 °𝐶 at every time instant. Therefore, also the Equation 

(3.27) has to be respected: 
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 𝑇𝐺𝑇_𝑚𝑖𝑛 ≤ 𝑇𝑏 ≤ 𝑇𝐺𝑇_𝑚𝑎𝑥 (3.27) 

3.5. Network 

The Anergy Grid represents a particular typology of hydraulic network. Two rings 

underground connect the geothermal storages to the clusters of buildings through 

substations, as shown in Figure 3.7. The mass flow rate flowing in the clusters is totally 

governed by the demands of the clusters themselves, without having fixed flow 

directions in the pipes. Hence, the fluid flowing in each pipe that connects two different 

substations can assume opposite directions in different time instants. 

 

Figure 3.7: Network representation of the Anergy Grid 

The following assumptions are made in order to model the low temperature water 

network: 

 steady-state flow 
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 temperature losses are negligible 

 extra electric power consumption for pumping is negligible 

3.5.1. Simple network scheme 

In order to check the correct implementation of the network model and to understand its 

behaviour without having a high formulation complexity of the system, a simple 

network configuration with two clusters and one geothermal field is here considered, as 

illustrated in Figure 3.8. The considered clusters are the HPL and HPZ, with different 

heating, low temperature cooling and high temperature cooling demands. 

represent the nodes, while 1 2 3 4 5 6 indicate the branches. 

 

Figure 3.8: Simple network scheme 

Each cluster box has a heat pump, a low temperature heat exchanger, a high temperature 

heat exchanger and standard technologies in order to meet the different power demands. 

The Anergy Grid circuit within the cluster is illustrated in Figure 3.9. Both clusters and 

the geothermal field are described by the same equations used for the single node. 
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Mass balances 

The mass balances, applied to the network nodes, impose that the sum of the mass flow 

rates which enter in the node is equal to the sum of the mass flow rates which exit from 

the node, as stated by the Equation (3.28). 

 ∑ 𝑚̇𝑖𝑛

𝑖𝑛

= ∑ 𝑚̇𝑜𝑢𝑡

𝑜𝑢𝑡

 (3.28) 

 

Figure 3.9: plant scheme of the cluster 

Energy balances 

Energy balances of the network nodes have to be applied. These are 3-way nodes and, 

depending on the application of mass balances, two different situations can occur, as 

shown in Figure 3.10. 

In the first case, one mass flow is entering in and two mass flows are exiting from the 

node, the flow temperature at the three branches has to assume the same value, as 

reported in the Equation (3.29), which refers to Figure 3.10. 
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 𝑇𝐴 = 𝑇𝐵 = 𝑇𝐶 (3.29) 

 

Figure 3.10: Mixing and splitting case illustration 

In the second case, two mass flows are entering in and one mass flow is exiting from the 

node, a mixing balance has to be imposed, as in the Equation (3.30) that refers to Figure 

3.10. 

 𝑚̇𝐴𝑇𝐴 + 𝑚̇𝐵𝑇𝐵 = 𝑚̇𝐶𝑇𝐶 (3.30) 

3.5.2. Anergy Grid network scheme 

The complete Anergy Grid is finally considered. Figure 3.11 shows a top view of the 

ETH Campus at Hönggerberg. 

Five clusters (HPL, HPZ, HC0, HWN, HCP) and three geothermal fields (GT HPL, GT 

HC, GT HW0) are connected to two hydraulic rings through substations. The piping 

network allows the clusters and geothermal storages to exchange the mass flow rate, 

respecting at each node the Equations (3.28), (3.29) and (3.30). Figure 3.12 illustrates 

the scheme of the entire Anergy Grid based on the map of Figure 3.11. 

The geothermal field Optimal GT of Figure 3.12 is not considered in this study. 
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Figure 3.11: Anergy Grid map with pipeline network 

 

Figure 3.12: Anergy Grid network scheme 
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The equations used to describe the complete system are the mass and energy balances 

introduced for the simple network scheme. 
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CHAPTER 4: MATHEMATICAL MODEL FOR THE OPTIMIZATION 
OF THE ANERGY GRID OPERATION 

In this chapter, an introduction on the aim of the study and on MILP optimization 

modeling is provided. Then, the linearization techniques applied to the equations of the 

case study are described. Later, the input data, the decision variables, the constraints and 

the objective function of the developed optimization model are reported and discussed. 

Finally, the considerations on the choice of the time horizon and on the optimization 

strategy are reported. 

4.1. The aim of the optimization model 

The aim of this study is to model the Anergy Grid in an optimization framework and to 

perform different analyses on the system in order to find the optimal operation of the 

technologies which minimizes the total annual CO2 emissions.  The considered multi-

energy system has the primary objective of satisfying the energy demands of the users. 

It is connected to the gas and electrical national grids and composed of a set of 

traditional and renewable-based conversion technologies. The set of inputs of the 

optimization problem are the weather conditions, the load profiles, the energy prices 

and carbon rates and the performance characteristics of the technologies. The outputs of 

the optimization tool are the optimal values of the operational decision variables of the 

Anergy Grid. 

The problem is mathematically formulated as a MILP (Mixed Integer Linear 

Programming), where binary variables are introduced to model the on-off status of the 

conversion technologies and the directions of the mass flows in the network. The MILP 

is presented with the general formulation: 
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 𝑚𝑖𝑛𝒙,𝒚(𝒄𝑇𝒙 + 𝒅𝑇𝒚) (4.1) 

s. t.  

 𝑨𝒙 + 𝑩𝒚 = 𝒃 (4.2) 

 𝒙 ≥ 𝟎 ∈ ℝ𝑁𝒙 , 𝒚 ∈ {0,1}𝑁𝒚 (4.3) 

where 𝒄 and 𝒅 indicate the cost vectors associated to continuous and binary decision 

variables, denoted respectively with 𝒙 and 𝒚. 𝑨 and 𝑩 are the corresponding constraint 

coefficient matrices and 𝒃 is the constraint known-term. 𝑁𝑥 and 𝑁𝑦 represent the 

dimension of 𝒙 and 𝒚 respectively. 

4.2. Linearization techniques 

As can be seen in Chapter 3, the equations describing the technologies of the case study 

show numerous non-linearities, which have to be linearized in order to be implemented 

in a MILP formulation. The present subchapter analyses the adopted linearization 

techniques for the implementation of the equations listed in Chapter 3. 

4.2.1. Linearization through experimental data 

In the Equation (3.8), a non-linearity arises by the ratio between two operational 

variables of the plant, which are the electrical power absorbed by the heat pump 𝑃𝐻𝑃 

and the temperature at the evaporator 𝑇𝑒𝑣𝑎. On the other hand, the temperature at the 

condenser 𝑇𝑐𝑜𝑛𝑑 and the 𝜉 parameter are considered as constant values. In order to 

implement the equation in a linear way, experimental data collected during the past 

operation of the Anergy Grid are employed. For each heat pump of the Anergy Grid, a 

scattering plot like the one shown in Figure 4.1 is available, which allows to extrapolate 
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linear relations among the provided thermal power 𝑄̇𝐻𝑃, the consumed electrical power 

𝑃𝐻𝑃 and the temperature of the heat transfer fluid at the inlet of the conversion 

technology 𝑇𝑖𝑛. 

 

Figure 4.1: characteristic map of the heat pump installed in the HPL cluster 

Each point of the map in Figure 4.1 indicates the heating power provided by the 

technology at a given time instant of the year with the corresponding absorbed electrical 

power and inlet temperature 𝑇𝑖𝑛 of the heat-transfer fluid. As depicted in Figure 4.1, the 

trend of the points shows an almost linear behaviour. Applying the least squares 

method, the experimental dataset is reduced to the polynomial form: 

 𝑄̇𝐻𝑃 = 𝛼1𝑃𝐻𝑃 + 𝛼2𝑇𝑖𝑛 + 𝛼3 (4.4) 

where 𝛼1, 𝛼2 and 𝛼3 are constant coefficients. The least squares method assigns the 

coefficients of a linear function applying the principle of least squares: minimizing the 

sum of the squares of the differences between the data values of the dataset and the 

values predicted by the linear function. 
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4.2.2. Ordinary least squares method 

Referring to the Equation (3.12), the exponential term represents a non-linearity given 

by the presence of the mass flow rate 𝑚̇, which is an operational variable of the Anergy 

Grid, at the denominator of the exponential argument. 

For this reason, it is not possible to directly implement the Equation (3.12) within a 

MILP formulation. Thus, the exponential term 1 − 𝑒−
𝑈𝐴

𝑚̇𝑐 is linearized using the ordinary 

least squares method, as shown in Figure 4.2.  

 

Figure 4.2: linearized curve of the exponential term. In blue: the exponential curve as a function of 

the mass flow rate. In red: the linearized curve adopting the OLS method. The minimized mean 

squared error is reported on the figure 

The employed values of 𝑈, 𝐴 and 𝑐 are listed in Table 4.1. 

Table 4.1: input data of the heat exchanger 

𝑈 1.1 
𝑘𝑊

𝑚2 𝐾
 

𝐴 250 𝑚2 

𝑐 4.186 
𝑘𝐽

𝑘𝑔 𝐾
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The ordinary least squares method is a particular type of linear least squares method for 

estimating a dataset in a linear regression model. Hence, the exponential term 1 − 𝑒−
𝑈𝐴

𝑚̇𝑐 

is reduced in the polynomial form 𝛽1 + 𝛽2𝑚̇, and the Equation (3.12) becomes: 

 𝑇′ = 𝑇𝑖𝑛 − (𝑇𝑖𝑛 − 𝑇𝑒𝑣𝑎)(𝛽1 + 𝛽2𝑚̇) (4.5) 

where 𝛽1 and 𝛽2 are constant coefficients. It can be seen that the equation is still non-

linear, due to the multiplication between the mass flow and the temperatures. Such non-

linearity is treated by applying the linearization method described in the subchapter 

4.2.4. 

4.2.3. Product between a binary and a continuous variable 

A common problem in the formulation of MILP models arises in the implementation of 

equations in which the product between a continuous and a binary variable is present. 

This non-linearity is easily treated in literature by introducing an auxiliary variable, 

which represents the product indeed, and applying a set of inequalities on the variables, 

such that the result of the application of these constraints is the desired product [31]. 

If 𝑏 is a binary variable and 𝑎 is a continuous variable such that 0 ≤ 𝑎 ≤ 𝑀, the 

continuous variable 𝑦 is introduced to replace the product 𝑦 = 𝑏𝑎. The following 

constraints are added to force 𝑦 to assume the value of 𝑏𝑎: 

 𝑦 ≤ 𝑀𝑏 (4.6) 

 𝑦 ≤ 𝑎 (4.7) 

 𝑦 ≥ 𝑎 − 𝑀(1 − 𝑏) (4.8) 
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 𝑦 ≥ 0 (4.9) 

The validity of these constraints can be checked by examining Table 4.2 in which all 

possible cases are listed. 

Table 4.2: All possible products y = ba 

𝑏 𝑎  𝑏𝑎 constraints imply 

0 𝑎: 0 ≤ 𝑎 ≤ 𝑀  0 𝑦 ≤ 0 

𝑦 ≤ 𝑎 

𝑦 ≥ 𝑎 − 𝑀 

𝑦 ≥ 0 

𝑦 = 0 

1 𝑎: 0 ≤ 𝑎 ≤ 𝑀 𝑎 𝑦 ≤ 𝑀 

𝑦 ≤ 𝑎 

𝑦 ≥ 𝑎 

𝑦 ≥ 0 

𝑦 = 𝑎 

 

4.2.4. McCormick envelopes linearization method 

The multiplication between two continuous variables is a bilinearity that represents a 

real obstacle in the linear formulation of complex problems. In fact, it describes a non-

convex problem, which cannot be expressed in a linear formulation without introducing 

strong approximations on the result. Usually, this problem is faced by conducting a 

specific analysis on the variables in order to find a satisfying solution with a heuristic 

approach. This is often an accepted solution of this kind of problem, which is applied in 

different MILP applications. Nevertheless, this approach can barely be applied in this 

work, since a big number of non-linearities are involved. They arise in each energy 

balance for each technology of each cluster and in each node of the network for every 

time instant. For this reason, an alternative approach is adopted by introducing the 
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McCormick envelopes linearization method [25]. It is a mathematical method that 

transforms a non-convex function into a convex one by relaxing the parameters on the 

problem. This eliminates the possibility of having several local minima that the solver 

may interpret as a global minimum, which represents the weak point of MINLP 

problems. Relaxing the bounds through a convex relaxation decreases the computational 

complexity of solving the problem at the cost of introducing solutions that do not 

correspond to the original function. The utility of this method is that it provides a lower 

bound of the optimal solution of the original function that is as close as possible to the 

optimal solution by having a linear formulation. 

Figure 4.3 shows in a three-dimensional graph the non-convex surface of products 

between the two continuous variables 𝑚̇ and 𝑇. 

 

Figure 4.3: bilinear surface representation 

According to the McCormick envelopes method, an auxiliary variable 𝑤, which 

represents the product, and the following inequalities on the continuous variables are 

introduced: 
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 𝑚̇𝐿 ≤ 𝑚̇ ≤ 𝑚̇𝑈 (4.10) 

 𝑇𝐿 ≤ 𝑇 ≤ 𝑇𝑈 (4.11) 

 𝑤 ≥ 𝑚̇𝐿𝑇 + 𝑚̇𝑇𝐿 − 𝑚̇𝐿𝑇𝐿 (4.12) 

 𝑤 ≥ 𝑚̇𝑈𝑇 + 𝑚̇𝑇𝑈 − 𝑚̇𝑈𝑇𝑈 (4.13) 

 𝑤 ≤ 𝑚̇𝑈𝑇 + 𝑚̇𝑇𝐿 − 𝑚̇𝑈𝑇𝐿 (4.14) 

 𝑤 ≤ 𝑚̇𝑇𝑈 + 𝑚̇𝐿𝑇 − 𝑚̇𝐿𝑇𝑈 (4.15) 

These constraints describe a set of surfaces in the space illustrated in Figure 4.4. 

 

Figure 4.4: McCormick envelopes applied to the bilinear surface 

McCormick envelopes introduce a convex relaxation that has the tightest bounds. An 

envelope is created to retain convexity while minimizing the size of the new feasible 
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region of solutions. This allows the lower bound obtained from using this method to be 

closer to the true solution than if other relaxations are used. 

An upper bound of the optimal solution can be obtained by solving the original bilinear 

function using the results found with the relaxed problem and then checking for 

feasibility. 

4.3. Input data 

The input data of the problem are the measured 2016 time-dependent load profiles of 

the Anergy Grid. The input data of the optimization problem are: 

 the set of clusters in the system 𝐼; 

 the set of geothermal fields in the system 𝐽; 

 the set of branches of the network 𝑉; 

 the expected thermal load, 𝑄̇𝐻_𝐷 ∈ ℝ(𝐼×𝑇), low temperature cooling load, 

𝑄̇𝐿𝑇_𝐷 ∈ ℝ(𝐼×𝑇), high temperature cooling load, 𝑄̇𝐻𝑇_𝐷 ∈ ℝ(𝐼×𝑇), profiles of each 

cluster; 

 the CO2 emission rates for electricity, 𝑓𝐸, and natural gas, 𝑓𝐺  [𝑡𝑜𝑛𝐶𝑂2/𝑘𝑊ℎ]; 

 the environmental air temperature 𝑇𝑎𝑖𝑟 ∈ ℝ𝑇  (see Appendix); 

 the size and performance data of the installed technologies; 

 the network layout. 

Data are available for every hour of the year. 

Other data related to the time horizon are: 
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 ∆𝑡, which indicates the duration of the time interval 𝑡 [ℎ𝑜𝑢𝑟𝑠/𝑑𝑎𝑦], with 𝑡 =

1, … , 𝑇, where 𝑇 represents the length of the time horizon [ℎ𝑜𝑢𝑟𝑠]; 

 𝐷, which indicates the number of typical days in the considered time horizon. 

4.4. Decision variables 

Since the conversion technologies installed in each cluster can be completely by-passed, 

as mentioned in the subchapter 3.3, the binary variables 𝑥, 𝑦 and 𝑧 are introduced in the 

model to describe the on/off operation of the heat pump, of the low temperature heat 

exchanger and of the high temperature heat exchanger, respectively. Each of them is 

equal to 1, when the heat transfer fluid goes through the corresponding technology, 

otherwise when the fluid by-passes the technology, which consequently does not 

provide any heating or cooling power. 

The decision variables of the optimization problem are listed here below. 

 The on/off status of the heat pump, 𝑥 ∈ {0,1}𝐼×𝑇, of the low temperature heat 

exchanger, 𝑦 ∈ {0,1}𝐼×𝑇 and of the high temperature heat exchanger, 𝑧 ∈

{0,1}𝐼×𝑇. They are equal to 1 if the technology installed in the cluster 𝑖 ∈ 𝐼 is 

working at time 𝑡, ∀𝑡 = 1, … , 𝑇. 

 The mass flow rate that flows in each cluster or geothermal field 𝑚̇ ∈ ℝ(𝐼+𝐽)×𝑇 

and in each branch of the network 𝑚̇ ∈ ℝ𝑉×𝑇 [𝑘𝑔/𝑠]. 

 The inlet temperature in the cluster 𝑇𝑖𝑛 ∈ ℝ𝐼×𝑇, the temperature at the outlet of 

the heat pump 𝑇′ ∈ ℝ𝐼×𝑇, the temperature at the evaporator 𝑇𝑒𝑣𝑎 ∈ ℝ𝐼×𝑇, the 

temperature at the outlet of the low temperature heat exchanger 𝑇′′ ∈ ℝ𝐼×𝑇, the 

temperature at the outlet of the high temperature heat exchanger 𝑇𝑜𝑢𝑡 ∈ ℝ𝐼×𝑇, 
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the inlet temperature in the geothermal field 𝑇𝐺𝑇_𝑖𝑛 ∈ ℝ𝐽×𝑇, the average 

borehole wall temperature 𝑇𝑏 ∈ ℝ𝐽×𝑇, the outlet temperature of the geothermal 

field 𝑇𝐺𝑇_𝑜𝑢𝑡 ∈ ℝ𝐽×𝑇, the temperature of the mass flow in each branch of the 

network 𝑇 ∈ ℝ𝑉×𝑇 [𝐾]. 

 The primary power of the boiler 𝑃𝐺 ∈ ℝ𝐼×𝑇; the thermal powers provided by the 

heat pump 𝑄̇𝐻𝑃 ∈ ℝ𝐼×𝑇, by the boiler 𝑄̇𝐵 ∈ ℝ𝐼×𝑇 and by the geothermal field to 

the heat transfer fluid 𝑄̇𝐺𝑇 ∈ ℝ𝐽×𝑇; the thermal power absorbed 𝑄̇𝐻𝑊𝑇𝑆_𝑖𝑛 ∈

ℝ𝐼×𝑇 and provided 𝑄̇𝐻𝑊𝑇𝑆_𝑜𝑢𝑡 ∈ ℝ𝐼×𝑇 by the hot water thermal storage; the 

electrical power absorbed by the heat pump 𝑃𝐻𝑃 ∈ ℝ𝐼×𝑇 and by the chiller 

𝑃𝐶𝐻_𝐿𝑇 ∈ ℝ𝐼×𝑇 and 𝑃𝐶𝐻_𝐻𝑇 ∈ ℝ𝐼×𝑇; the low temperature cooling powers 

provided by the low temperature heat exchanger 𝑄̇𝐿𝑇 ∈ ℝ𝐼×𝑇 and by the 

electrical chiller 𝑄̇𝐶𝐻_𝐿𝑇 ∈ ℝ𝐼×𝑇; the high temperature cooling powers provided 

by the high temperature heat exchanger 𝑄̇𝐻𝑇 ∈ ℝ𝐼×𝑇 and by the electrical chiller 

𝑄̇𝐶𝐻_𝐻𝑇 ∈ ℝ𝐼×𝑇 [𝑊]. 

 The binary variables 𝑑 ∈ {0,1}𝑉×𝑇 that indicate the flow direction in each 

branch of the network. 

 The stored thermal energy 𝐸𝐻𝑊𝑇𝑆 ∈ ℝ𝐼×𝑇, the initial stored energy 𝐸0
𝐻𝑊𝑇𝑆 ∈ ℝ𝐼 

and the capacity 𝑆𝐻𝑊𝑇𝑆 ∈ ℝ𝐼 of the hot water thermal storage [𝑊ℎ]. 

4.5. Constraints 

In the following the constraints of the optimization problem related to the performance 

of the technologies and to the energy balances are reported. Most of the performance 

equations of the technologies are described in the Chapter 3. 
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4.5.1. Boiler 

The boiler generates thermal energy from the combustion of natural gas. Constraints on 

the performance of the technology are derived from Equation (3.1). 

 𝑄̇𝑖,𝑡
𝐵 = 𝜂𝐵𝑃𝑖,𝑡

𝐺  (4.16) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Moreover, the primary power of the boiler is limited by the size of the technology 𝑆𝐵. 

 0 ≤ 𝑃𝑖,𝑡
𝐺 ≤ 𝑆𝐵 (4.17) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Note that all the installed boilers are characterized by the same values of thermal 

efficiency and size. 

Table 4.3: Input data of the boiler 

𝜂𝐵 0.92 - 

𝑆𝐵 900 𝑘𝑊 

 

4.5.2. Electrical chillers 

The electrical chiller provides cooling energy by absorbing electrical energy. 

Constraints on the performance of the technology are derived from Equations (3.2) and 

(3.3). 

 𝑄̇𝑖,𝑡
𝐶𝐻_𝐿𝑇 = 𝐶𝑂𝑃𝐶𝐻_𝐿𝑇𝑃𝑖,𝑡

𝐶𝐻_𝐿𝑇 (4.18) 

 𝑄̇𝑖,𝑡
𝐶𝐻_𝐻𝑇 = 𝐶𝑂𝑃𝐶𝐻_𝐻𝑇𝑃𝑖,𝑡

𝐶𝐻_𝐻𝑇 (4.19) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 
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The electrical power absorbed is limited by the sizes of the technologies 𝑆𝐶𝐻_𝐿𝑇 and 

𝑆𝐶𝐻_𝐻𝑇. 

 0 ≤ 𝑃𝑖,𝑡
𝐶𝐻_𝐿𝑇 ≤ 𝑆𝐶𝐻_𝐿𝑇 (4.20) 

 0 ≤ 𝑃𝑖,𝑡
𝐶𝐻_𝐻𝑇 ≤ 𝑆𝐶𝐻_𝐻𝑇 (4.21) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Note that all the installed chillers are characterized by the same values of coefficient of 

performance and size. 

Table 4.4: Input data of the electrical chiller 

𝐶𝑂𝑃𝐶𝐻_𝐿𝑇 3.5 - 

𝐶𝑂𝑃𝐶𝐻_𝐻𝑇 3.5 - 

𝑆𝐶𝐻_𝐿𝑇 300 𝑘𝑊 

𝑆𝐶𝐻_𝐻𝑇 300 𝑘𝑊 

4.5.3. Hot water thermal storage 

The hot water thermal storage allows to accumulate thermal energy. Due to the fairly 

high energy losses and the low energy density, this technology is mainly used to 

overcome short-term mismatch between thermal energy generation and use. The hot 

water thermal storage is not installed in the Anergy Grid, but this study intends to 

evaluate the inclusion of this technology as a possible solution to reduce the total annual 

CO2 emissions. For this reason, it is the only technology for which a design 

optimization strategy is applied, in which its different sizes and initial stored energy are 

decision variables. Constraints on the performance of the technology are derived from 

Equations (3.4), (3.5), (3.6) and (3.7). 
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𝐸𝑖,𝑡
𝐻𝑊𝑇𝑆 = 𝐸𝑖,𝑡−1

𝐻𝑊𝑇𝑆(1 − ΛΔ𝑡) + 

− (Π𝑆𝑖
𝐻𝑊𝑇𝑆ℎ𝑡 − 𝜂𝐻𝑊𝑇𝑆_𝑖𝑛𝑄̇𝑖,𝑡

𝐻𝑊𝑇𝑆_𝑖𝑛 +
1

𝜂𝐻𝑊𝑇𝑆_𝑜𝑢𝑡
𝑄̇𝑖,𝑡

𝐻𝑊𝑇𝑆_𝑜𝑢𝑡) Δ𝑡 (4.22) 

 ℎ𝑡 =
𝑇𝐻𝑊𝑇𝑆_𝑚𝑖𝑛 − 𝑇𝑡

𝑎𝑖𝑟

𝑇𝐻𝑊𝑇𝑆_𝑚𝑎𝑥– 𝑇𝐻𝑊𝑇𝑆_𝑚𝑖𝑛
 

(4.23) 

 𝑄̇𝑖,𝑡
𝐻𝑊𝑇𝑆_𝑖𝑛 ≤

𝑆𝑖
𝐻𝑊𝑇𝑆

𝜏𝐻𝑊𝑇𝑆
 (4.24) 

 𝑄̇𝑖,𝑡
𝐻𝑊𝑇𝑆_𝑜𝑢𝑡 ≤

𝑆𝑖
𝐻𝑊𝑇𝑆

𝜏𝐻𝑊𝑇𝑆
 (4.25) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. In this analysis a ∆𝑡 of 1 ℎ is fixed. 

A periodicity constraint imposes the same storage level at the beginning and at the end 

of the year: 

 𝐸𝑖,0
𝐻𝑊𝑇𝑆 = 𝐸𝑖,𝑇

𝐻𝑊𝑇𝑆 (4.26) 

The stored thermal power is limited by the sizes of the technologies 𝑆𝑖
𝐻𝑊𝑇𝑆, which are 

in turn limited by minimum and maximum input values: 

 0 ≤ 𝐸𝑖,𝑡
𝐻𝑊𝑇𝑆 ≤ 𝑆𝑖

𝐻𝑊𝑇𝑆 (4.27) 

 𝑆𝐻𝑊𝑇𝑆_𝑚𝑖𝑛 ≤ 𝑆𝑖
𝐻𝑊𝑇𝑆 ≤ 𝑆𝐻𝑊𝑇𝑆_𝑚𝑎𝑥 (4.28) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Note that all the installed heat pumps have the same input data. 

Table 4.5: Input data of the hot water thermal storage 

Λ 0.005 ℎ−1 

Π 0.0005 - 
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𝜂𝐻𝑊𝑇𝑆_𝑖𝑛 0.95 - 

𝜂𝐻𝑊𝑇𝑆_𝑜𝑢𝑡 0.95 - 

𝑇𝐻𝑊𝑇𝑆_𝑚𝑖𝑛 55 °𝐶 

𝑇𝐻𝑊𝑇𝑆_𝑚𝑎𝑥 90 °𝐶 

𝜏𝐻𝑊𝑇𝑆 3 ℎ 

𝑆𝐻𝑊𝑇𝑆_𝑚𝑖𝑛 0 𝑘𝑊ℎ 

𝑆𝐻𝑊𝑇𝑆_𝑚𝑎𝑥 28 000 𝑘𝑊ℎ 

 

4.5.4. Heat pump 

The heat pump is used to produce thermal energy by exploiting the energy contained in 

the heat transfer fluid and absorbing electricity. Constraints on the performance of the 

technology are derived from Equations (3.13), (4.4) and (4.5). 

 𝑄̇𝑖,𝑡
𝐻𝑃 = 𝛼1𝑃𝑖,𝑡

𝐻𝑃 + 𝛼2𝑇𝑖,𝑡
𝑖𝑛𝑥𝑖,𝑡 + 𝛼3𝑥𝑖,𝑡 (4.29) 

 𝑇′𝑖,𝑡 = 𝑇𝑖,𝑡
𝑖𝑛 − (𝑇𝑖,𝑡

𝑖𝑛 − 𝑇𝑖,𝑡
𝑒𝑣𝑎)(𝛽1 + 𝛽2𝑚̇𝑖,𝑡)𝑥𝑖,𝑡 (4.30) 

 𝑄̇𝑖,𝑡
𝐻𝑃 = 𝑃𝑖,𝑡

𝐻𝑃 + 𝑚̇𝑖,𝑡𝑐(𝑇𝑖,𝑡
𝑖𝑛 − 𝑇′𝑖,𝑡)𝑥𝑖,𝑡 (4.31) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

The binary variable 𝑥 is introduced in the constraints so that if the mass flow bypasses 

the conversion technology (and therefore 𝑥𝑖,𝑡=0), there is no thermal flux exchanged 

with the user and the flow temperature remains equal to the inlet temperature to the heat 

pump. 

The electric power absorbed by the heat pump is limited by its size 𝑆𝐻𝑃 and by a 

minimum technical value, which is a percentage of the size. 

 𝛿𝑆𝐻𝑃𝑥𝑖,𝑡 ≤ 𝑃𝑖,𝑡
𝐻𝑃 ≤ 𝑆𝐻𝑃𝑥𝑖,𝑡 (4.32) 
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with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Note that all the installed heat pumps have the same input data. 

Table 4.6: Input data of the heat pump 

𝛼1 6.493 - 

𝛼2 5.285 - 

𝛼3 -36.1 - 

𝛽1 -0.0064 - 

𝛽2 1.063 - 

𝑐 4.186 𝑘𝐽

𝑘𝑔 𝐾
 

𝛿 0.1 - 

𝑆𝐻𝑃 120 𝑘𝑊 

Equations (4.29), (4.30), (4.31) and (4.32) present non-linearities due to the product 

between a continuous and a binary variable and between two continuous decision 

variables. Such non-linearities are treated by applying the additional constraints of the 

linearization techniques described in subchapter 4.2 by Equations (4.6), (4.7), (4.8), 

(4.9) and Equations (4.10), (4.11), (4.12), (4.13), (4.14), (4.15) respectively. In the 

implementation of the McCormick envelopes method, it is necessary to provide 

minimum and maximum values of the involved continuous variables. The decision 

variables to which this linearization method is applied are the mass flow rates and the 

temperatures or variables derived from them. Therefore, minimum and maximum 

values of temperature (𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥) and mass flow (𝑚̇𝑚𝑖𝑛 and 𝑚̇𝑚𝑎𝑥) are defined. 

Since for legal regulations the temperature of the geothermal field must be kept between 

8 °𝐶 and 24 °𝐶, this restriction is applied to all the temperature variables on which the 

McCormick envelopes method is applied. For the mass flow rate, conservative 

experimental values between 0 𝑘𝑔/𝑠 and 80 𝑘𝑔/𝑠 are applied. 
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Table 4.7: Input data for the implementation of the McCormick envelopes linearization method 

𝑇𝑚𝑖𝑛 8 °𝐶 

𝑇𝑚𝑎𝑥 24 °𝐶 

𝑚̇𝑚𝑖𝑛 0 𝑘𝑔/𝑠 

𝑚̇𝑚𝑎𝑥 80 𝑘𝑔/𝑠 

4.5.5. Low temperature heat exchanger 

The low temperature heat exchanger exploits the energy contained in the heat transfer 

fluid exiting the heat pump in order to cool the laboratory water of the clusters, 

generating low temperature cooling power. Constraints on the performance of the 

technology are derived from Equations (3.18) and (3.19). 

 𝑄̇𝑖,𝑡
𝐿𝑇 = 𝑚̇𝑖,𝑡𝑐(𝑇′′𝑖,𝑡 − 𝑇′𝑖,𝑡)𝑦𝑖,𝑡 (4.33) 

 𝑇′′𝑖,𝑡 = 𝑇𝐿𝑇𝐻𝐸𝑦𝑖,𝑡 + 𝑇′𝑖,𝑡(1 − 𝑦𝑖,𝑡) (4.34) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Analogously to the heat pump, the binary variable 𝑦 is introduced in the constraints so 

that if the mass flow bypasses the conversion technology (and therefore 𝑦𝑖,𝑡=0), there is 

no low temperature cooling flux exchanged with the user and the flow temperature 

remains equal to the inlet temperature to the low temperature heat exchanger. 

The provided low temperature cooling power is limited by the size of the technology 

𝑆𝐿𝑇𝐻𝐸. 

 0 ≤ 𝑄̇𝑖,𝑡
𝐿𝑇 ≤ 𝑆𝐿𝑇𝐻𝐸𝑦𝑖,𝑡 (4.35) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 
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Also in this case, the non-linearities present in the Equations (4.33), (4.34) and (4.35) 

are treated by applying the additional constraints of the linearization techniques 

described in subchapter 4.2. 

Note that all the installed low temperature heat exchangers have the same input data. 

Table 4.8: Input data of the low temperature heat exchanger 

𝑇𝐿𝑇𝐻𝐸 12 °𝐶 

𝑆𝐿𝑇𝐻𝐸 1000 𝑘𝑊 

4.5.6. High temperature heat exchanger 

Similarly to the low temperature heat exchanger, the technology provides cooling 

energy, but at higher temperature for the air conditioning system of the clusters. 

Constraints on the performance of the technology are derived from Equations (3.20) and 

(3.21). 

 𝑄̇𝑖,𝑡
𝐻𝑇 = 𝑚̇𝑖,𝑡𝑐(𝑇𝑖,𝑡

𝑜𝑢𝑡 − 𝑇′′𝑖,𝑡)𝑧𝑖,𝑡 (4.36) 

 𝑇𝑖,𝑡
𝑜𝑢𝑡 = 𝑇𝐻𝑇𝐻𝐸𝑧𝑖,𝑡 + 𝑇′′𝑖,𝑡(1 − 𝑧𝑖,𝑡) (4.37) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

As for the two previous technologies, the binary variable 𝑧 is introduced in the 

constraints so that if the mass flow bypasses the conversion technology (and therefore 

𝑧𝑖,𝑡=0), there is no high temperature cooling flux exchanged with the user and the flow 

temperature remains equal to the inlet temperature to the high temperature heat 

exchanger. 

The provided high temperature cooling power is limited by the size of the technology 

𝑆𝐻𝑇𝐻𝐸. 
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 0 ≤ 𝑄̇𝑖,𝑡
𝐻𝑇 ≤ 𝑆𝐻𝑇𝐻𝐸𝑧𝑖,𝑡 (4.38) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Analogously to the heat pump and to the low temperature heat exchanger, the non-

linearities present in the Equations (4.36), (4.37) and (4.38) are treated by applying the 

additional constraints of the linearization techniques described in subchapter 4.2. 

Note that all the installed low temperature heat exchangers have the same input data. 

Table 4.9: Input data of the high temperature heat exchanger 

𝑇𝐻𝑇𝐻𝐸 16 °𝐶 

𝑆𝐻𝑇𝐻𝐸 1000 𝑘𝑊 

4.5.7. Geothermal field 

The geothermal field consists of a big storage of water which is insulated by the 

external air temperature. Constraints on the performance of the technology are derived 

from Equations (3.23), (3.24), (3.25), (3.26) and (3.27). 

 𝑇𝑗,𝑡
𝑏 = 𝑇𝑠,0 +

1

2𝜋𝜆𝐿𝑁𝑗
∑(𝑄̇𝑗,𝑖

𝐺𝑇 − 𝑄̇𝑗,𝑖−1
𝐺𝑇 )𝑔(𝑟𝑗

𝑏 , 𝑡 − 𝑖)

𝑡

𝑖=1

 (4.39) 

 𝑄̇𝑗,𝑡
𝐺𝑇 = 𝑚̇𝑗,𝑡𝑐(𝑇𝑗,𝑡

𝐺𝑇_𝑜𝑢𝑡 − 𝑇𝑗,𝑡
𝐺𝑇_𝑖𝑛) (4.40) 

 
𝑄̇𝑗,𝑡

𝐺𝑇

𝐿𝑁𝑗
=

1

𝑅𝑏
(𝑇𝑗,𝑡

𝑏 − 𝑇̅𝑗,𝑡
𝑓

) (4.41) 

 
𝑇̅𝑗,𝑡

𝑓
=

𝑇𝑗,𝑡
𝐺𝑇_𝑖𝑛 + 𝑇𝑗,𝑡

𝐺𝑇_𝑜𝑢𝑡

2
 

(4.42) 

 𝑇𝐺𝑇_𝑚𝑖𝑛 ≤ 𝑇𝑗,𝑡
𝑏 ≤ 𝑇𝐺𝑇_𝑚𝑎𝑥 (4.43) 

with 𝑗 ∈ 𝐽 and 𝑡 = 1, … , 𝑇. 
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An additional constraint is inserted for the soil temperature. It is imposed that at the end 

of the considered time horizon, the borehole temperature has to remain close to its 

temperature at the beginning of the simulation. Such constraint forces the system to 

have a sustainable operation also for period longer than the considered time horizon. 

 𝑇𝑗,0
𝑏 − ∆𝑇𝑏 ≤ 𝑇𝑗,𝑇

𝑏 ≤ 𝑇𝑗,0
𝑏 + ∆𝑇𝑏 (4.44) 

with 𝑗 ∈ 𝐽. 

Similarly to the conversion technologies described above, the non-linearities present in 

the Equation (4.40) are treated by applying the additional constraints of the McCormick 

envelopes linearization method described in subchapter 4.2.4. 

The input data of the geothermal fields are reported in Table 4.10. 

Table 4.10: Input data of the geothermal field 

𝑇𝑠,0 14 °𝐶 

𝜆 2.9 𝑊

𝑚 𝐾
 

𝐿 400 𝑚 

𝑁𝐻𝑃𝐿 101 - 

𝑁𝐻𝐶 128 - 

𝑁𝐻𝑊0 200 - 

𝑅𝑏 88 𝑚 𝐾

𝑊
 

𝑔(𝑟𝑗
𝑏, 𝑡 − 𝑖) See Figure 4.5 - 

𝑇𝐺𝑇_𝑚𝑖𝑛 8 °𝐶 

𝑇𝐺𝑇_𝑚𝑎𝑥 24 °𝐶 

∆𝑇𝑏 0 °𝐶 
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Figure 4.5: Yearly profile of the g-function 

Due to lack of data, the same value of the 𝑔-function (relative to the geothermal storage 

GT HPL) is applied to the three geothermal fields. However, this fact does not affect the 

validity of this analysis. 

4.5.8. Thermal network 

A general formulation for the thermal network is implemented, for which mass flow 

rates, temperatures and flow directions in the branches are decision variables of the 

optimization problem. The fact that directions are not predetermined increases the 

complexity of the problem formulation. In the following, the network constraints are 

listed for simplicity only for the simple network configuration, since the implementation 

on the complete Anergy Grid network is analogous. 
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Mass balances 

Two matrices of the network with binary variables are defined and the values of mass 

flow rate circulating in the branches are inserted into a column vector, as shown in 

Figure 4.6 and Figure 4.7. The formulation of these matrices and of this vector refers to 

the simple network with the values of nodes and branches, as they are represented in 

Figure 3.8. 

 

Figure 4.6: Network MatrixA 

The binaries 𝑑𝑙,𝑣,𝑡 are determined so that they can assume either the value 1 if the 

corresponding flow is entering in the node 𝑙 from the branch 𝑣 or 0 if it is exiting. 

The binaries 𝑏𝑙,𝑣,𝑡 are defined as: 

 𝑏𝑙,𝑣,𝑡 = 2(𝑑𝑙,𝑣,𝑡 − 0.5) (4.45) 

with 𝑙 ∈ (𝐼 + 𝐽),  𝑣 ∈ 𝑉 and 𝑡 = 1, … , 𝑇. 

In this way, 𝑏𝑙,𝑣,𝑡 is equal to +1 if the corresponding flow is entering in the node 𝑙 from 

the branch 𝑣 or -1 if it is exiting. On the other side, 𝑚̇𝑣,𝑡 is defined as the value of the 

mass flow rate flowing in the branch 𝑣 and it is equal or greater than 0. This last 

constraint is indirectly applied by the implementation of the Equation (4.10) of the 

McCormick envelopes method, where 𝑚̇𝐿 = 𝑚̇𝑚𝑖𝑛 = 0 𝑘𝑔/𝑠. 
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Figure 4.7: Network MatrixB and mass flow vector 

The mass balance of the network is defined by imposing equal to 0 the product between 

the network matrix and the mass flow vector: 

 𝑀𝑎𝑡𝑟𝑖𝑥𝐵𝑡 × 𝐹𝑙𝑜𝑤𝑉𝑒𝑐𝑡𝑜𝑟𝑡 = 0 (4.46) 

The non-linearities present in the Equation (4.46) are linearized by applying the 

additional constraints of the product between a binary and a continuous variable 

described in subchapter 4.2.3. 

Energy balances 

In order to apply energy balances at the nodes without having predetermined directions, 

the following methodology is implemented. As explained in the subchapter 3.5.1, two 

different types of constraints have to be imposed: splitting and mixing constraints. 

 

Figure 4.8: Node representation 
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Figure 4.8 illustrates the scheme of one node of the simple network. In order to 

distinguish if in the considered node either a splitting or a mixing constraint has to be 

applied, a binary parameter is introduced, defined as: 

 𝑏𝑖𝑛𝑙,𝑡 = 2 − ∑ 𝑑𝑙,𝑖𝑑𝑥,𝑡

𝑖𝑑𝑥=𝐴,𝐵,𝐶

 (4.47) 

with 𝑙 ∈ (𝐼 + 𝐽) and 𝑡 = 1, … , 𝑇. 

By the definition of the binary variables that determine the flow direction 𝑑𝑙,𝑣,𝑡, 𝑏𝑖𝑛𝑙,𝑡 is 

equal to 1 if mass flow is entering the node 𝑙 from one branch and exiting from the other 

two branches, while it is equal to 0 if mass flow is entering the node 𝑙 from two 

branches and exiting from the other branch. In this way, the splitting constraint for the 

example of Figure 4.8 is imposed as in the Equation (4.48). 

 

𝑏𝑖𝑛1,𝑡[𝑑1,𝐴,𝑡𝑇𝐻𝑃𝐿,𝑡
𝑜𝑢𝑡 + (1 − 𝑑1,𝐴,𝑡)𝑇𝐻𝑃𝐿,𝑡

𝑖𝑛 ] = 

= 𝑏𝑖𝑛1,𝑡[𝑑1,𝐵,𝑡𝑇𝐻𝑃𝑍,𝑡
𝑜𝑢𝑡 + (1 − 𝑑1,𝐵,𝑡)𝑇𝐻𝑃𝑍,𝑡

𝑖𝑛 ] = 

= 𝑏𝑖𝑛1,𝑡[𝑑1,𝐶,𝑡𝑇𝐺𝑇,𝑡
𝑜𝑢𝑡 + (1 − 𝑑1,𝐶,𝑡)𝑇𝐺𝑇,𝑡

𝑖𝑛 ] 

(4.48) 

The Equation (4.49) shows the implementation of the mixing constraint. 

 

𝑑1,𝐴,𝑡𝑚̇𝐴,𝑡𝑇𝐻𝑃𝐿,𝑡
𝑜𝑢𝑡 + 𝑑1,𝐵,𝑡𝑚̇𝐵,𝑡𝑇𝐻𝑃𝑍,𝑡

𝑜𝑢𝑡 + 𝑑1,𝐶,𝑡𝑚̇𝐶,𝑡𝑇𝐺𝑇,𝑡
𝑜𝑢𝑡 = 

= (1 − 𝑑1,𝐴,𝑡)𝑚̇𝐴,𝑡𝑇𝐻𝑃𝐿,𝑡
𝑖𝑛 + (1 − 𝑑1,𝐵,𝑡)𝑚̇𝐵,𝑡𝑇𝐻𝑃𝑍,𝑡

𝑖𝑛 + (1 − 𝑑1,𝐶,𝑡)𝑚̇𝐶,𝑡𝑇𝐺𝑇,𝑡
𝑖𝑛  

(4.49) 

with 𝑙 ∈ (𝐼 + 𝐽) and 𝑡 = 1, … , 𝑇. 

It is worthy to point out that if the node 1 has a splitting configuration, the constraint of 

Equation (4.49) is automatically verified by the application of Equations (4.46) and 

(4.48). 
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The constraints reported above for the example of Figure 4.8 are implemented for every 

node of the simple network and of the complete Anergy Grid network. 

The non-linearities present in the Equations (4.48) and (4.49) are treated by applying the 

additional constraints of the linearization techniques described in subchapter 4.2. 

4.5.9. Energy balances at the user 

In this subchapter, the constraints that impose the fulfillment of the power demands by 

the users are described. 

Thermal demand 

The conversion technologies that provide thermal power are the heat pumps, the boilers 

and the hot water thermal storages, if installed. The energy balance at the node without 

the installation of the hot water thermal storages is expressed by Equation (4.50). 

 𝑄̇𝑖,𝑡
𝐻_𝐷 = 𝑄̇𝑖,𝑡

𝐻𝑃 + 𝑄̇𝑖,𝑡
𝐵  (4.50) 

If the hot water thermal storages are installed in the clusters, the energy balance at the 

nodes becomes: 

 𝑄̇𝑖,𝑡
𝐻_𝐷 + 𝑄̇𝑖,𝑡

𝐻𝑊𝑇𝑆_𝑖𝑛 = 𝑄̇𝑖,𝑡
𝐻𝑃 + 𝑄̇𝑖,𝑡

𝐵 + 𝑄̇𝑖,𝑡
𝐻𝑊𝑇𝑆_𝑜𝑢𝑡 (4.51) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

Low temperature cooling demand 

The installed conversion technologies that provide low temperature cooling power are 

the low temperature heat exchangers and the electrical chillers. The energy balance at 

the nodes is given by the Equation (4.52). 

 𝑄̇𝑖,𝑡
𝐿𝑇_𝐷 = 𝑄̇𝑖,𝑡

𝐿𝑇 + 𝑄̇𝑖,𝑡
𝐶𝐻_𝐿𝑇 (4.52) 
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with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

High temperature cooling demand 

The installed conversion technologies that provide high temperature cooling power are 

the high temperature heat exchangers and the electrical chillers. The energy balance at 

the nodes is expressed by the Equation (4.53). 

 𝑄̇𝑖,𝑡
𝐻𝑇_𝐷 = 𝑄̇𝑖,𝑡

𝐻𝑇 + 𝑄̇𝑖,𝑡
𝐶𝐻_𝐻𝑇 (4.53) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

4.6. Objective function 

The objective function to be minimized is the total annual CO2 emissions of the system 

𝐶, measured in 𝑡𝑜𝑛𝐶𝑂2. It derives from the sum of two terms: 

 emissions associated to the electrical energy imported from the national grid 

(and used by heat pumps and electrical chillers); 

 emissions related to the natural gas consumption of boilers. 

Table 4.11 reports the relative CO2 rates, which are considered constant along the 

year [32]. 

Table 4.11: Carbon dioxide emission factors of the energy vectors 

Carbon dioxide emission factor 𝒇 [𝒕𝒐𝒏𝑪𝑶𝟐/𝒌𝑾𝒉]: 

Electricity 3e-05 

Natural gas 2.37e-04 

The electricity emission factor value reported in Table 4.11 is quite unusual compared 

to the European standard values. This is due to the fact that ETH University buys only 
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electricity from renewable sources [33], above all hydroelectric power plants. Thus, a 

very low CO2 emission factor is associated to the electrical energy withdrawn from the 

national grid. 

No CO2 emissions are linked to the heat exchangers and to the geothermal fields. 

By the definition of the emission factors, the total annual CO2 emissions of the system 

can be calculated as: 

 

𝐶 = 𝑓𝐸∆𝑡 (∑ ∑ 𝑃𝑖,𝑡
𝐻𝑃

𝑇

𝑡=1

𝐼

𝑖=1

+ ∑ ∑ 𝑃𝑖,𝑡
𝐶𝐻_𝐿𝑇 + ∑ ∑ 𝑃𝑖,𝑡

𝐶𝐻_𝐻𝑇

𝑇

𝑡=1

𝐼

𝑖=1

𝑇

𝑡=1

𝐼

𝑖=1

) + 

+𝑓𝐺∆𝑡 ∑ ∑ 𝑃𝑖,𝑡
𝐺

𝑇

𝑡=1

𝐼

𝑖=1

 
(4.54) 

4.7. Time horizon representation  

The considered time horizon for the present study is one year with hour resolution. 

Because of the huge number of decision variables and constraints, a time discretization 

has to be applied to the model in order to reduce the computational complexity of the 

problem. Recently, a specific study on time discretization methods applied to energy 

models has been proposed by Pfenninger [6], who analysed different techniques to 

decrease the time resolution based on k-means clustering algorithm proposed by Lloyd 

[22]. For the present work, the M0, M1 and M2 methods proposed by Gabrielli et al. 

[21] are adopted.  

 Method M0 represents the traditional methodology, in which the sequence of 

design days along the year is formulated independently for each design day 𝐷. 

In this way, each day is decoupled from the previous and the following one. For 
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this reason, such method is not suitable to the present study, which involves the 

installation of a geothermal storage with a seasonal dynamics. 

 Method M1 allows the full-scale (hour-by-hour) description of the geothermal 

storage while still describing the time horizon through typical design days. It 

introduces a vector 𝜎 that represents the sequence of typical design days, which 

allows to couple successive days of the year. 

 Method M2 is based on the fact that binary variables are mainly responsible for 

the increase in computational complexity. Thus, the binary decision variables 

are clustered into typical design days, like for the method M1, while the 

continuous variables are described hour-by-hour. 

 

Figure 4.9: Sensitivity analysis on the number of typical design days using M1 (blue line) and M2 

(red line) methods 
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In the present study, a sensitivity analysis is performed on M1 and M2 time 

discretization methods in order to evaluate the computational complexity of the 

optimization problem for different number of typical design days 𝐷. Figure 4.9 shows 

the difference in computational time between the two methods for the calculation of the 

single node configuration. Based on the results of this analysis, the discretization 

method M1 is adopted for this study, since it allows to strongly reduce computational 

time of the performed simulations, still remaining sufficiently close to the full scale 

solution. 

4.8. The optimization strategies 

The most important decision variables for the operation of the real system are the mass 

flow rates 𝑚̇𝑡, the scheduling of the technologies 𝑥𝑡, 𝑦𝑡 and 𝑧𝑡 and the directions of the 

flows in the branches. The values of the other decision variables (fluid temperature 

along the circuit and exchanged power or the power exchanged with the users) are a 

consequence of the performance equations of the conversion technologies. For this 

reason, the focus of this study is on finding the optimal values of the flow rate, of the 

binary variables 𝑥𝑡, 𝑦𝑡 and 𝑧𝑡 and of the network directions, that solve the problem 

while minimizing the total CO2 emissions of the system. 

4.8.1. The optimization strategy for the single node 

Given the configuration of the single node, there are no constraints on the network, thus 

the variables that determine the flow directions are not involved. The strategy adopted 

to solve the optimization problem for the single node configuration is shown in Figure 

4.10. 
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Figure 4.10: Optimization strategy for the single node 

Since the equations of the model present bilinearities, the problem is firstly solved by 

using the McCormick envelopes linearization method. The solution provides an 

indication on the lower bound of the solution. It represents a lower limit for the 

emissions of  the real system. 

Note that the found solution gives also a reference mass flow rate profile along the year. 

Applying the McCormick envelopes method, this mass flow rate profile settles in “low” 

values. This is due to the fact that this linearization method introduces auxiliary 

variables that substitute the product between mass flow rate and temperature, chosen in 

their respective domains (see Equations (4.10) – (4.15) and Table 4.7). Such auxiliary 

variables are employed in the energy balance equations to satisfy the requested power 

demands, expressed as 𝑄̇ = 𝑚̇𝑐∆𝑇. While the mass flow rate that flows along the circuit 

is the same, the temperature values for each technology are less constrained. Hence, 

when at the same time instant the user requires a high thermal demand and a low 

cooling demand (or vice versa), the relaxed model has a domain of the decision 

variables large enough to satisfy all the loads, by choosing a low mass flow rate, 

suitable to satisfy the lower demand, and a high temperature difference to satisfy the 

higher demand. Thus, the mass flow rate profile found with the McCormick envelopes 

linearization method is under-estimated compared to the real one. 

Therefore, a generator of mass flow profiles is employed, which produces new flow 

curves starting from the one found with McCormick envelopes. Such profiles are used 
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as input data to eliminate the non-linearities of the model and to solve the linear model 

without introducing the approximations deriving from the McCormick method. In this 

way, for each mass flow profile generated, the optimal solution is obtained, providing 

the scheduling profile of the conversion technologies. Among the obtained solutions, 

the one with the lowest level of total CO2 emissions is the best solution proposed for the 

optimal operation of the system. 

4.8.2. The optimization strategy for the Anergy Grid 

For the simple network and the Anergy Grid configurations, the network constraints 

have to be included and consequently the decision variables on the direction of the 

flows in the branches have to be taken into account. In order to reduce the 

computational complexity of the problem, the binary variables that determine the flow 

direction in each branch can only assume one value for the whole year. In this way, the 

model can choose only one possible configuration of the network. The new optimization 

strategy is shown in Figure 4.11.  

 

Figure 4.11: Optimization strategy for the Anergy Grid 

The strategy is the same as for the single node, but in this case the solution found with 

the McCormick envelopes method also provides the flow directions in the branches. 

This network configuration is fixed and set as input to the linear model. 
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CHAPTER 5: ANALYSIS OF RESULTS 

In this chapter, the results obtained with the optimization problem formulated in 

Chapter 4 are reported and discussed. As previously mentioned, three different 

configurations of the Anergy Grid are analysed: single node scheme, simple network 

scheme and the entire Anergy Grid. The optimization model is implemented in 

MATLAB using the academic free license of GUROBI and CPLEX solvers. 

5.1. Single node 

A simple case study is here considered in order to understand the behaviour of the 

mathematical model under different operating conditions. It consists of the single node 

configuration, explained in detail in the subchapter 3.3, in which one cluster is directly 

connected to one geothermal field. Therefore, network constraints are not considered: 

the cluster shares the same mass flow rate with the geothermal field and it is imposed 

that the temperature of the fluid exiting from the geothermal field is equal to the 

temperature at the inlet of the heat pump and the temperature of the fluid entering in the 

geothermal field is equal to the temperature at the exit of the high temperature heat 

exchanger, according to Figure 3.4. Simulations have been launched for the GT HPL 

geothermal storage and the HPL cluster, without the installation of the hot water 

thermal storage. The system is characterized by 0.97 𝐺𝑊ℎ heating, 0.38 𝐺𝑊ℎ low 

temperature cooling and 0.71 𝐺𝑊ℎ high temperature cooling annual demands. This first 

study allows to understand the system dynamics and to determine the feasible operating 

conditions of the system. 

5.1.1. Sensitivity on the number of typical days 

A first analysis is conducted on the number of typical days 𝐷 that is able to describe 

with a good approximation the operation of the system along the year. Different 
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solutions of the model linearized through the McCormick envelopes method are 

calculated for different values of  𝐷. Figure 5.1 shows the obtained results (McCormick 

curve):  

 

Figure 5.1: Sensitivity on typical days for the single node with McCormick envelopes method 

On the 𝑥-axis the number of typical days is reported, while in the 𝑦-axis there is the 

normalized emission level 𝑒̅ [𝑡𝑜𝑛𝐶𝑂2/𝐺𝑊ℎ], defined as the ratio between the total 

annual emissions 𝑒 [𝑡𝑜𝑛𝐶𝑂2] and the sum of the thermal, low temperature cooling and 

high temperature cooling energy demands [𝐺𝑊ℎ], as expressed in the Equation (5.1). 

 𝑒̅ =
𝑒

∆𝑡(∑ ∑ 𝑄̇𝑖,𝑡
𝐻_𝐷𝑇

𝑡=1
𝐼
𝑖=1 + ∑ ∑ 𝑄̇𝑖,𝑡

𝐿𝑇_𝐷𝑇
𝑡=1

𝐼
𝑖=1 + ∑ ∑ 𝑄̇𝑖,𝑡

𝐻𝑇_𝐷𝑇
𝑡=1

𝐼
𝑖=1 )

 
(5.1) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 
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The dashed horizontal red line represents the lower bound of the full-scale solution 

obtained with the McCormick envelopes method, for which the number of typical days 

𝐷 is equal to the number of days of the considered time horizon. The dashed horizontal 

black line (No Anergy) indicates the value of the CO2 emissions for the configuration 

without the Anergy Grid, for which all the demands are satisfied by the auxiliary 

technologies. The dashed horizontal grey line (Current savings 1) represents the level of 

the CO2 emissions for the current operation of the Anergy Grid, as reported in the ETH 

Sustainability Report [33]. Figure 5.2, which is extracted from the ETH Sustainability 

Report, refers a measured value of saved CO2 emissions of about 45% for the year 

2016. 

 

Figure 5.2: Current savings profile from ETH Sustainability Report 

The dotted grey curve of Figure 5.1 (Current savings 2) represents the level of the CO2 

emissions for the operation of the Anergy Grid, as reported in [34]. This value is related 

to the Anergy Grid system in which hot water thermal storages are installed in each 

cluster and there is the possibility of dissipating thermal and cooling energy into the 

environment. It allows to save 70% of the total annual CO2 emissions. 
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The results of Figure 5.1 show that the curve of the solutions reaches convergences with 

a small number of typical days. Solutions for 𝐷 = 4, 5, 6, 10, 12, 20 are within a range 

of ± 3% with respect to the full-scale value. 

The same analysis is performed with the original equations of the system for a fixed 

input mass flow rate of 8 𝑘𝑔/𝑠 flowing in the circuit at every hour of the year, 

according to the values proposed by Yliruka [24]. Results of the optimization are shown 

in Figure 5.3. 

 

Figure 5.3: Sensitivity on typical days for the single node with the original equations 

Also in this case, the results reach convergence for more than 4 typical days.  

5.1.2. Sensitivity on the mass flow rate 

The analysis performed on the number of typical days led to fix 𝐷 = 12, to which a very 

good approximation of the full scale behaviour of the system is associated. Following 
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the optimization strategy explained in the subchapter 4.8.1, a sensitivity analysis on the 

mass flow rate is performed. Figure 5.4 shows the obtained results. 

 

Figure 5.4: Sensitivity on the mass flow rate for the single node 

On the 𝑥-axis the average value of the mass flow rate profile flowing in the cluster HPL 

is reported. The solutions are obtained implementing the original equations with the 

input data of the mass flow derived from the optimization using the McCormick 

envelopes method with 𝐷 = 12. Three different approaches are adopted to generate the 

mass flow profile. The blue curve indicates results obtained with a fixed mass flow rate 

for all the time steps of the time horizon. The first solution on the left of the blue curve 

in Figure 5.4 is obtained by imposing as constant mass flow rate for each time step of 

the year the average value obtained with the McCormick envelopes method. Such value 

is then increased of 1 𝑘𝑔/𝑠 progressively, obtaining the other solutions reported in the 

figure. The cyan and the orange curves specify results obtained imposing the variable 
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mass flow rate profile obtained by the McCormick envelopes method solution. It allows 

to better follow the demand by supporting the conversion technologies of the Anergy 

Grid with a higher mass flow when higher demands are requested. The first solution on 

the left of the cyan and orange curves in Figure 5.4 is obtained by imposing exactly the 

values of the variable mass flow rate found with the McCormick envelopes method. As 

for the blue curve, the values of the mass flow rate of the cyan line are progressively 

increased by summing 1 𝑘𝑔/𝑠 to the mass flow for each time step, obtaining the other 

solutions reported in the figure. Instead, the orange curve is obtained by increasing the 

mass flow profile through a multiplication factor. This solution would accentuate the 

variations in the mass flow profile allowing it to support in a different way the 

conversion technologies. 

As explained in the subchapter 4.8.1, increasing the values of the mass flow rate with 

respect to the profile indicated by the solution using the McCormick method leads to a 

reduction in CO2 emissions. The performance of the system increases up to a few 𝑘𝑔/𝑠 

more than the value of the McCormick method and then starts to get worse. This occurs 

for all the three curves. 

The best solution corresponds to a variable mass flow rate profile increased with the 

multiplication factor for an average mass flow of 8.4 𝑘𝑔/𝑠. It allows the Anergy Grid to 

save the 39% of CO2 emissions and to satisfy more than 42% of the total energy 

demand, according to Table 5.1. 

Table 5.1: Utilization coefficients of the Anergy Grid 

Anergy Grid Coverage Fraction [%] 

Heating 39.6 
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Low temperature cooling 15.1 

High temperature cooling 60.1 

Global 42.3 

The Anergy Grid Coverage Fraction 𝐴𝐺𝐶𝐹 represents the percentage of heating and 

cooling (low and high temperature) demands satisfied by the Anergy Grid and it is 

defined as the ratio between the demand satisfied by the Anergy Grid 𝐴𝐺𝑆𝐷 [𝑘𝑊ℎ] and 

the load demand 𝐿𝐷 [𝑘𝑊ℎ], according to the Equation (5.2): 

 𝐴𝐺𝐶𝐹𝑖𝑑𝑥 =
𝐴𝐺𝑆𝐷𝑖𝑑𝑥

𝐿𝐷𝑖𝑑𝑥
 (5.2) 

with 𝑖𝑑𝑥: heating, low temperature cooling, high temperature cooling and total energy. 

5.1.3. Optimal operation 

The profiles of the most important decision variables related to the operation of the real 

system are shown in Figure 5.5. 

 

Figure 5.5: Yearly profiles of the scheduling of technologies and mass flow rate 
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The first three graphs above illustrate the on/off status of the heat pump and of the heat 

exchangers for each hour of the year. The profiles of 𝑥, 𝑦 and 𝑧 follow the curves of the 

corresponding demands. The fourth plot of Figure 5.5 illustrates the profile of the mass 

flow rate along the year. Despite having an average value less than 10 𝑘𝑔/𝑠, it presents 

strong fluctuations during summer, due to very high cooling demands for the air 

conditioning system. During the winter, there are peak values of the mass flow profile 

due to strong gradients in the thermal demand, as shown in the Figure 5.6. These values 

of the heating demand derive from experimental measurements of the real system. 

Figure 5.6 illustrates the power provided by the heat pump and the two heat exchangers 

(red lines) compared to the load demands (blue lines). As aforementioned, the part of 

demand not met by the Anergy Grid is satisfied by auxiliary technologies.  

 

Figure 5.6: Heating and cooling fluxes requested (blue lines) and provided by the Anergy Grid (red 

lines) 

The model keeps a balance between the exchanged thermal and cooling powers in order 

to maintain the borehole wall temperature at end of the year at the same value of the 

beginning. Figure 5.7 shows the borehole temperature profile and the heat flux provided 

by the ground to the heat transfer fluid in the probes along the year. As shown in Figure 
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5.7, the model keeps the borehole temperature 𝑇𝑏 very close to the initial value with a 

maximum deviation of about 0.7 °𝐶. The geothermal field presents a thermal inertia of 

about one month, confirming its seasonal behavior. The system can modify  𝑇𝑏 

deciding whether satisfying the thermal or the cooling demand. The priority of the 

optimization tool is to firstly satisfy the thermal demand because it is associated with a 

higher CO2 emission rate. Since the cluster requires more thermal than cooling energy, 

the system would operate exploiting the geothermal energy stored in the ground to 

satisfy the thermal demand while decreasing  𝑇𝑏. Since it is imposed that 𝑇𝑇
𝑏 = 𝑇0

𝑏, the 

model tries to satisfy all the possible thermal energy that can be compensated by the 

fulfilment of the cooling demand. For this reason, the Anergy Grid Coverage Fraction is 

higher for cooling than for heating. 

 

Figure 5.7: Yearly profiles of the borehole temperature and geothermal flux 

In order to observe the operation of the system in detail, the same graphics are 

illustrated during a winter week (Figure 5.8, Figure 5.9) and a summer week (Figure 

5.10, Figure 5.11). 
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Winter week 

During winter periods, there is a low cooling demand for the air condition system, while 

the thermal and the low temperature cooling demands are high. The found solution of 

the optimization problem operates the technologies to meet almost the whole heating 

demand and to partially cover the low temperature cooling load. On the other hand, the 

high temperature heat exchanger is kept off for the whole period, leaving the 

corresponding electrical chiller to satisfy the demand. 

 

Figure 5.8: Profiles of the scheduling of technologies and mass flow rate for a winter week 

 

Figure 5.9: Profiles of the borehole temperature and geothermal flux for a winter week 
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Summer week 

During the summer periods, there is a low cooling demand for the laboratories, while 

the heating and the high temperature cooling demands are high. The found solution of 

the optimization problem operates the technologies to meet mainly the cooling demand 

for the air conditioning system and to partially cover the thermal load. On the other 

hand, the low temperature heat exchanger is kept off for the whole period, leaving the 

corresponding electrical chiller to satisfy the demand. 

 

Figure 5.10: Profiles of the scheduling of technologies and mass flow rate for a summer week 

 

Figure 5.11: Profiles of the borehole temperature and geothermal flux for a summer week 
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5.1.4. Sensitivity on δ with and without HWTS 

In this subchapter, a sensitivity analysis on the minimum load coefficient of the heat 

pump 𝛿 is performed in order to evaluate its impact on the total CO2 emissions of the 

system (see Equation (4.32)). In the previous calculations, 𝛿 = 10% is assumed, 

according to experimental data. Such analysis is conducted to assess the advantage of 

having a modular heat pump, consisting of multiple units of smaller size connected in 

series,  thus with lower minimum load limit, in comparison with a unique technology, 

with higher minimum working point. The same analysis is performed in the case with 

and without the installation of a hot water thermal storage in the cluster. Results are 

illustrated in Figure 5.12. 

 

Figure 5.12: Sensitivity analysis on δ coefficient with and without HWTS 

The results for the case without the hot water thermal storage show an emission 

increasing trend with a higher slope for 𝛿 > 10%. Instead, the curve of results for the 
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case with the hot water thermal storage presents a flat trend. This is due to the fact that 

the hot water thermal storage acts as a flexible short-term reservoir of thermal energy 

and allows the system to optimize the operation of the heat pump even in case of high 

minimum working point. It consequently permits to have a significant reduction on CO2 

emissions. This result indicates that a clever solution to remedy the problem of having a 

high value of 𝛿 is to install a hot water thermal storage of a suitable size for the 

particular application. It is a cheap technology that can guarantee considerable 

reductions in CO2 emissions compared to the installation of a modular heat pump. 

5.1.5. Sensitivity with temperature values at the outlet of the 
heat exchangers as decision variables 

Another analysis is performed modifying the assumption of keeping constant the 

temperatures at the outlet of the two heat exchangers 𝑇𝐿𝑇𝐻𝐸 and 𝑇𝐻𝑇𝐻𝐸. Such values are 

now set as decision variables of the optimization problem. The reference temperature 

values at the user are still 12 °𝐶 and 16 °𝐶, but assuming that a counter-flow heat 

exchanger is installed, an outlet temperature of the heat transfer fluid until +4 °𝐶 with 

respect to the user reference value is allowed. Thus, the following constraints are added 

to the heat exchangers, substituting the constraints expressed by Equations (4.34) and 

(4.37): 

 𝑇′𝑖,𝑡𝑦𝑖,𝑡 < 12 °𝐶 (5.3) 

 𝑇′′𝑖,𝑡 < 16 °𝐶 (5.4) 

 𝑇′′𝑖,𝑡𝑧𝑖,𝑡 < 16 °𝐶 (5.5) 

 𝑇𝑖,𝑡
𝑜𝑢𝑡 < 20 °𝐶 (5.6) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 
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This conceptual change in the formulation of the optimization problem introduces a 

higher flexibility of the plant to operate the conversion technologies. This allows an 

important reduction of the total annual emissions. For the same conditions of the 

optimal solution of Figure 5.4, the specific emission level is of 37.87 𝑡𝑜𝑛𝐶𝑂2/𝐺𝑊ℎ 

with a higher utilization of the Anergy Grid, as reported in Table 5.2. 

Table 5.2: Utilization coefficients of the Anergy Grid 

Anergy Grid Coverage Fraction [%] 

Heating 70.0 

Low temperature cooling 82.4 

High temperature cooling 97.7 

Global 82.5 

Since the found solution allows a very strong reduction on the CO2 emissions, a more 

detailed analysis is implemented. Applying the optimization strategy of Figure 4.10, an 

optimization applying the McCormick envelopes linearization method is performed for 

𝐷 = 12 with this new problem formulation. It provides indications about the yearly 

mass flow rate profile of the circuit. Different calculations are performed increasing the 

mass flow values with the multiplication factor as for the solution of Figure 5.4. Since 

the mass flow profile is scaled with the multiplication factor, the flow rate would reach 

very high peak levels, over 200 𝑘𝑔/𝑠. Therefore, a maximum threshold value of 100 

𝑘𝑔/𝑠 is imposed on the flow, in accordance with the experimental data. 

Figure 5.13 shows the obtained results (T HXvar curve). The curve containing the 

previous best solution of Figure 5.4 is reported as reference (T HXfixed curve). 
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Figure 5.13: Sensitivity on the mass flow rate for the single node with the new set of constraints 

The results report a strong reduction in the levels of CO2 emissions with respect to the 

previous formulation. The best solution is characterized by 37.50 𝑡𝑜𝑛𝐶𝑂2/𝐺𝑊ℎ, which 

corresponds to a CO2 emissions saving of 70.2%, reaching the Current Savings 2 value, 

associated with a system with hot water thermal storages in the clusters and with the 

possibility of dissipating heat and cooling in the environment. In Table 5.3 the 

percentages of demand covered by the Anergy Grid are reported. The high temperature 

cooling demand is totally satisfied and the low temperature one is covered by the 

Anergy Grid almost for the 80%. This allows to increase the thermal power provided by 

the heat pump still maintaining sustainable the operation at the end of the year. 
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Table 5.3: Utilization coefficients of the Anergy Grid 

Anergy Grid Coverage Fraction [%] 

Heating 70.3 

Low temperature cooling 79.8 

High temperature cooling 100  

Global 82.9 

Results of the operation of the Anergy Grid for the found best solution are shown in 

Figure 5.14, Figure 5.15 and Figure 5.16.  

 

Figure 5.14: Yearly profiles of the scheduling of technologies and mass flow rate 

The mass flow rate profile sets on higher values with an average of 16.3 𝑘𝑔/𝑠 and the 

heat exchangers are in operation throughout the year. When in operation, the heat pump 

is able to satisfy the thermal load profile even in the periods of highest demand. Given 

the increase in flow rate values, the temperature profile of the borehole experiences 

wider fluctuations, while maintaining the seasonal trend. 
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Figure 5.15: Heating and cooling fluxes requested (blue lines) and provided by the Anergy Grid 

(red lines) 

 

Figure 5.16: Yearly profiles of the borehole temperature and geothermal flux 

In the light of the results obtained from the performed sensitivity analyzes, a study to 

investigate lower emission levels has been conducted. For the same conditions of the 

best found solution, a simulation with the installation of a hot water thermal storage is 

performed. Figure 5.17 illustrates the result of the lower bound obtained through the 

McCormick envelopes method (dashed green line) and the result obtained with the 

original equations (pink + marker). Such result is associated with a CO2 emission saving 

value of 89.7%. 
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Figure 5.17: Emission level with new set of constraints with addition of HWTS 

The corresponding percentages of demand covered by the Anergy Grid are listed in 

Table 5.4. 

Table 5.4: Utilization coefficients of the Anergy Grid 

Anergy Grid Coverage Fraction [%] 

Heating 92.6 

Low temperature cooling 82.9 

High temperature cooling 100  

Global 93.4 

The installation of the hot water thermal storage allows to further save important 

amounts of CO2 emissions going below the lower bound of the previous case. 
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5.2. Simple network 

In this subchapter, the simple network scheme of Figure 3.8 is analysed in order to 

understand the dynamic behaviour of the model with the introduction of the network 

constraints. It consists of the HPL and HPZ clusters connected to the GT HPL 

geothermal field and requires 2.64 𝐺𝑊ℎ thermal, 1.68 𝐺𝑊ℎ low temperature cooling 

and 1.16 𝐺𝑊ℎ high temperature cooling annual demand. Each cluster has the 

temperature values at the outlet of the heat exchangers set as decision variables, as 

described in the subchapter 5.1.5, and no hot water thermal storages are installed. 

5.2.1. Sensitivity on network directions 

The simple network scheme leaves space for a few possible configurations of the 

hydraulic network. Three analysed paths, with directions chosen a priori, are considered 

in this study and are illustrated in Figure 5.18, Figure 5.19 and Figure 5.20. 

 

Figure 5.18: Simple network configuration 1 
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Figure 5.19: Simple network configuration 2 

 

Figure 5.20: Simple network configuration 3 

Three optimizations using the McCormick envelopes method are performed on the three 

paths in order to calculate the corresponding lower bounds. The lower CO2 emission 

level is found for the Path 2, as illustrated in Figure 5.21. The general formulation of the 

optimization problem, described in the subchapter 4.5.8, also finds the Path 2 as the best 

one in terms of CO2 emissions. 
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Figure 5.21: Path sensitivity on the simple network 

Figure 5.21 shows a very small difference between the solutions, that are obtained for 

𝐷 = 12. This is due to the fact that they are solved by using the McCormick envelopes 

method, hence they are all lower bounds of the solution. McCormick envelopes method 

introduces a strong relaxation to the model, which is able to meet almost all the 

demands for all the chosen configurations. 

5.2.2. Sensitivity on the mass flow rate 

A sensitivity analysis on the mass flow rate for the three network configurations is 

performed on the linear model by using the input data of the mass flow derived from the 

solutions of the McCormick envelopes method. Results are found for the simple 

network configuration 1 (blue lines), 2 (pink lines) and 3 (green lines) for a variable 

mass flow rate profile that is increased by shifting (“o” marker) or scaling (“+” marker) 

the input values, as in Figure 5.4. It is important to note that the increase in the mass 
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flow profiles in the two clusters and in the geothermal field must respect the mass 

balances of the network. Such balances can be easily implemented in the simple 

network configuration. For the path 1, it is imposed that the mass flow profile flowing 

in the geothermal field has to be raised by the sum of the increases in the flow profiles 

of the two clusters. For the paths 2 and 3, it is imposed that the flow profile flowing in 

the cluster HPL and HPZ respectively has to be raised by the sum of the increases in the 

mass flow profiles of the geothermal field and of the other cluster. The obtained results 

are illustrated in Figure 5.22. 

 

Figure 5.22: Sensitivity on the mass flow rate for the simple network 

The dashed horizontal black line represents the full-scale emission level of the simple 

network, for which the technologies of the Anergy Grid are not employed and all the 

loads are satisfied by the auxiliary technologies. The dashed horizontal red line 

represents the lower bound of CO2 emissions of the network configuration 2 found in 
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the subchapter 5.2.1. As shown in the Figure 5.22, the optimal network configuration 

chosen by the general formulation is not the optimal solution also for the 

implementation with the linear model. A difference of 3.36 𝑡𝑜𝑛𝐶𝑂2/𝐺𝑊ℎ is found 

between the optimal solutions of path 1 and path 2, which corresponds to the 2.6% of 

the emission level without the installation of the Anergy Grid. However, the analysis of 

all possible network configurations in reasonable time is only possible for very simple 

networks. For more complicated networks, the loss of few percentage points of the 

objective function due to the implementation of a general method becomes a necessity. 

The absolute best solution is relative to path 1. This is the configuration of the network 

in which the clusters draw independently from the geothermal field. It is worthy to point 

out that for the simple network scheme, the solutions found with a shifted mass flow are 

better than the ones with a scaled mass flow rate. 

5.3. Anergy Grid 

The whole plant scheme, as illustrated in Figure 3.12, is analysed in this subchapter. It 

consists of 5 clusters and 3 geothermal fields connected by two hydraulic rings and it is 

characterized by 9.07 𝐺𝑊ℎ thermal, 2.47 𝐺𝑊ℎ low temperature cooling and 1.31 𝐺𝑊ℎ 

high temperature cooling annual demand. A procedure similar to that used for the single 

node is adopted. Clusters have the temperature values at the outlet of the heat 

exchangers set as decision variables, as described in the subchapter 5.1.5, and no hot 

water thermal storages are installed in the clusters. 

5.3.1. Sensitivity on the number of typical days 

Since the entire Anergy Grid consists in a bigger network, consequently with a bigger 

set of decision variables and constraints, a sensitivity analysis on the number of typical 

days is performed. Results are obtained implementing the general formulation of the 
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network, for which the flow directions in the branches are variables of the optimization 

problem and the McCormick envelopes method is applied. Also in this case, it is 

imposed that binary variables that determine the flow directions in the branches can 

assume only one value for the whole time horizon. Results are shown in Figure 5.23 

(McCormick blue curve). 

 

Figure 5.23: Sensitivity on typical days for the Anergy Grid with McCormick envelopes method 

The dashed horizontal black line indicates the full-scale value of the CO2 emissions for 

the Anergy Grid, in which all the demands are satisfied by the auxiliary technologies. 

The dashed and the dotted grey lines represent the emission levels with an associated 

CO2 savings of 45% and 70% respectively, as reported in the subchapter 5.1.1. The 

dashed horizontal red line represents the lower bound found with the general 

formulation applying the McCormick envelopes linearization method for 𝐷 = 20. 
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Results of Figure 5.23 show that for numbers of typical days 𝐷 = 6, 8, 10, the emission 

levels are sufficiently close to the value found for 𝐷 = 20. 

5.3.2. Sensitivity on the network directions and on the mass 
flow rate 

From the previous analysis, a number of typical days 𝐷 = 10 is set, which describes the 

dynamics of the system with a very good approximation. Following the optimization 

strategy described in the subchapter 4.8.2, the network directions and the mass flow rate 

profiles obtained with the McCormick envelopes method are imposed as input values to 

the linear model. The network configuration chosen by the optimization tool for 𝐷 = 10 

is reported in Figure 5.24. 

 

Figure 5.24: Selected network configuration 

The solution found has a counter clockwise flow direction in both ring circuits. The 

clusters and the geothermal fields exchange the flow through the two rings. 
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The results obtained for the simple network in the subchapter 5.2 suggest to choose a 

network configuration in which the clusters operate independently of each other, 

exchanging the flow directly with the geothermal fields. Therefore, another 

configuration of the Anergy Grid is proposed, which is based on the analysis of the 

simple network. The Figure 5.25 illustrates the proposed educated solution for the 

network directions. 

 

Figure 5.25: Educated solution of the network configuration 

Given that there are 5 clusters and 3 geothermal fields, it is decided in principle that two 

pairs of clusters exchange the mass flow rates each other with one geothermal field and 

the remaining cluster and geothermal field exchange the flow directly. Since the 

geothermal field GT HPL is the smallest one, with 101 probes, it exchanges the mass 

flow directly with the cluster HPL. Given the layout of the network, it is chosen that the 

clusters HPZ and HC0 exchange the mass flow rate with the geothermal field GT HC 

and the clusters HCP and HWN exchange the mass flow with the geothermal field GT 
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HW0. Thus, a solution is obtained applying the McCormick envelopes method for this 

“educated” network configuration. 

A sensitivity analysis on the mass flow rate for these two network configurations is 

performed. Results are obtained with the linear model, which takes as inputs the flow 

directions in the branches and the corresponding mass flow profiles, derived from the 

result of the McCormick envelopes method. Solutions are shown in Figure 5.26. 

 

Figure 5.26: Sensitivity on the mass flow rate for the Anergy Grid 

On the 𝑥-axis the average value of the mass flow rate profile flowing in the cluster HPL 

is reported. Solutions are obtained by increasing the mass flow profile derived by the 

McCormick envelopes solution through a translation, as suggested by the results of the 

simple network. Such translations have to respect the mass balance constraints of the 

network. For the selected path, this is imposed following the scheme of Figure 5.27, 

relative to a flow rate increase of k [𝑘𝑔/𝑠].  
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Figure 5.27: Strategy to increase the flow rate for the selected network configuration 

For the educated path, the mass balances are imposed following the scheme of Figure 

5.28, relative to a flow rate increase of k [𝑘𝑔/𝑠]. 

 

Figure 5.28: Strategy to increase the flow rate for the educated network configuration 
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Figure 5.26 shows that the results obtained with the “educated” network configuration 

have very high CO2 emission levels, while the network directions and mass flow 

profiles identified by the optimization tool allow to achieve much better emission levels. 

This means that for a complex network like the Anergy Grid, a general formulation of 

the optimization model, which allows to set the directions of the flows in the branches 

as decision variables, is preferable. 

The best solution found saves the 60.6% of CO2 emissions. Table 5.5 indicates the 

corresponding percentages of demands covered by the Anergy Grid. 

Table 5.5: Utilization coefficients of the Anergy Grid 

Anergy Grid Coverage Fraction [%] 

Heating 64.8 

Low temperature cooling 33.7 

High temperature cooling 95.3  

Global 61.9 

5.3.3. Sensitivity on the number of hot water thermal storages 
and possibility of energy dissipation 

A sensitivity analysis is performed on the number of hot water thermal storages 

installed in the Anergy Grid for the selected configuration and for the flow profiles of 

the best solution. In order to position the technologies to try to cover the whole network, 

results are found for the installation of: 

 1 hot water thermal storage installed in the HPL cluster 

 2 hot water thermal storages installed in the HPL and HWN clusters 
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 3 hot water thermal storages installed in the HPL, HWN and HPZ clusters. 

Results are illustrated in Figure 5.29: 

 

Figure 5.29: Sensitivity on the number of HWTS for the Anergy Grid 

The solution obtained with the installation of 1 hot water thermal storage (orange + 

marker) allows a CO2 emission saving of 62.8%, the one with 2 hot water thermal 

storages (cyan + marker) of 65.2%, while the solution for 3 installed hot water thermal 

storages (pink + marker) of 67.4%. 

For the case with 3 installed hot water thermal storages, a simulation is performed by 

giving the possibility to the system to dissipate thermal, low temperature cooling and 

high temperature cooling energy into the environment, as suggested in [34]. This 

calculation is implemented to assess the impact of this plant solution on the value of 
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CO2 emissions. Thus, the model constraints (4.51), (4.52) and (4.53) are substituted by 

the inequalities: 

 𝑄̇𝑖,𝑡
𝐻𝑃 + 𝑄̇𝑖,𝑡

𝐵 + 𝑄̇𝑖,𝑡
𝐻𝑊𝑇𝑆_𝑜𝑢𝑡 ≥ 𝑄̇𝑖,𝑡

𝐻_𝐷 + 𝑄̇𝑖,𝑡
𝐻𝑊𝑇𝑆_𝑖𝑛 (5.7) 

 𝑄̇𝑖,𝑡
𝐿𝑇 + 𝑄̇𝑖,𝑡

𝐶𝐻_𝐿𝑇 ≥ 𝑄̇𝑖,𝑡
𝐿𝑇_𝐷 (5.8) 

 𝑄̇𝑖,𝑡
𝐻𝑇 + 𝑄̇𝑖,𝑡

𝐶𝐻_𝐻𝑇 ≥ 𝑄̇𝑖,𝑡
𝐻𝑇_𝐷 (5.9) 

with 𝑖 ∈ 𝐼 and 𝑡 = 1, … , 𝑇. 

The obtained result is shown in Figure 5.30 with the black + marker. 

 

Figure 5.30: Anergy Grid emission level with dissipation 

The solution found indicates that providing to the Anergy Grid the possibility of 

dissipating thermal or cooling energy in the environment allows a big reduction in CO2 

emission levels. The result is associated to an emission saving of 97.5%. However, no 
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restrictions on the amount of energy that can be dissipated are set to calculate this 

solution. The corresponding values of dissipated energy are the 27% of the thermal 

load, the 32% of the low temperature cooling demand and the 202% of the high 

temperature cooling load, for a total value of the 47% of the global demand. Future 

developments of the present study could perform a sensitivity analysis on the 

percentages of demand that can be dissipated into the environment. 
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CHAPTER 6: CONCLUSIONS 

In this study, a very complex problem of multi-energy system optimization has been 

faced within a Mixed Integer Linear Programming framework to minimise the total 

annual CO2 emissions. A solution strategy is proposed which makes use of the recurrent 

application of the McCormick envelopes method together with the other more known 

linearization techniques. Such strategy makes it possible to include in a MILP problem 

a general formulation of the configuration of a network in which a fluid circulates at 

different temperature levels by exchanging thermal and cooling power. Everything is 

analysed by managing a geothermal storage system with seasonal dynamics. 

As proposed in the literature by Gabrielli et al. [5], a method of time discretization has 

been implemented to describe the seasonal dynamics of the storage simplifying the 

problem from the computational point of view. 

The proposed strategy has a general validity and is therefore implemented to study the 

multi-energy system Anergy Grid installed at the ETH Science City Campus in 

Hönggerberg, Zurich. 

Numerous sensitivity analyses on different parameters of the system are performed to 

assess the impact on the objective function. First, a single network node is analysed. 

Based on the obtained results, the model is extended to a simple network by integrating 

the general model that returns the optimal network configuration as an output. Finally, 

the entire Anergy Grid network is considered. The results obtained validate the choice 

to adopt a general strategy to select the network configuration and indicate a saving of 

CO2 emissions far greater than that of the Anergy Grid current operation. 
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Interesting future developments of the present work can perform a sensitivity analysis 

for the case of the entire Anergy Grid on the percentage of energy demands that can be 

dissipated into the environment compared to the total loads. This would make it 

possible to better model the case study taking into account the most recent improvement 

works that have been done on the system. 
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 APPENDIX:  

The reference profile of ambient temperature 𝑇𝑎𝑖𝑟 used in this work as input data is 

reported in Figure 6.1. 

 

Figure 6.1: Ambient temperature profile 

  


