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Abstract 10 

There is increasing interest in using waterbodies as renewable energy sources to heat and cool 11 

buildings and infrastructure. Here, we estimate the potentials for heat extraction and disposal for the 12 

main lakes and rivers of Switzerland based on acceptable temperature changes in the waterbodies, 13 

and compare them to regional demands. In most cases, the potentials considerably exceed the 14 

demand, and minor impacts on the thermal regime of the waterbodies are expected. There are, 15 

however, critical situations: rivers crossing densely-populated areas, where demand often exceeds 16 

the potential, and heat disposal in summer into lowland rivers and shallow lakes, where 17 

temperatures may exceed ecological criteria. To assess the impacts of a realistic thermal use, we 18 

model the temperature effects in two lakes: Upper Lake Constance, a large lake with relatively low 19 

population density, and Lower Lake Zurich, a smaller lake with high regional demand. The estimated 20 

mean temperature alterations are -0.05 to +0.02 °C for Lake Constance, and -0.60 to +0.22 °C for 21 

Lake Zurich. Based on the model results, we discuss the effects of operating parameters on the 22 

efficiency and impacts of thermal use. Our analysis demonstrates that waterbodies provide real 23 

alternatives for heat/cold production in many regions of the world. 24 

 25 

 26 

Keywords: surface waters heat management, heat pump systems, free cooling, carbon-free heat 27 

production, district cooling and heating, surface waters temperature 28 

 29 

1 Introduction 30 

Ambient heat, stored in air, ground and waterbodies, can be used for heating and cooling of 31 

buildings and infrastructure [1–3]. Such thermal use will expectedly increase in the future [4], for 32 

example in the context of district heating [5]. Indeed, this energy resource is renewable, reliable and 33 

local, and could significantly reduce the quantities of fossil fuels burnt for heating and of electricity 34 

used by air-based chillers for cooling [3]. Thermal use is, however, only feasible close to sources/sinks 35 

of heat, as it is difficult to transport heat efficiently. In this paper, we focus on thermal use of lakes 36 

and rivers. Most available literature discusses specific case studies (e.g., energy supply for a given 37 

system such as in Ref. [6]) or the potential of individual waterbodies (for an overview of such studies 38 

in Switzerland, see Appendix E). In Refs. [7,8], heating and cooling systems from surface waters were 39 

classified and described together with their main components, summarizing the state of the art; 40 

however, the authors note a lack of both guidelines for system design and energy calculation 41 
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procedures. There is a larger body of literature concerning district heating and cooling [9,10], as well 42 

as thermal use of ocean coastal waters [11,12] and groundwater [13,14]. There are various different 43 

applications utilizing similar heat sources/sinks that are available in many regions of the world, such 44 

as mine water [15,16], irrigation water reservoirs [17], sediments [18], wastewater [19,20], and 45 

shower water [21]. 46 

In Switzerland, a large number of lakes and rivers containing considerable reserves of thermal energy 47 

[22] are often located near densely populated areas. The thermal regime of lakes and rivers is 48 

primarily influenced by atmospheric conditions: they absorb heat from the sun and the air over 49 

spring and summer and release it to the atmosphere over winter. As a consequence, the 50 

temperature of lake and river water follows air temperature with diurnal and seasonal cycles [23], 51 

but with a smaller amplitude and a phase shift. Due to their thermal inertia, large waterbodies are on 52 

average warmer than the air in winter and colder in summer, which makes them suitable for both 53 

heat extraction and heat disposal in many parts of the world. 54 

River temperatures also strongly depend on the water source and flow properties. Temperatures 55 

may occasionally reach extremely high or low values, driven by air temperature and high solar 56 

exposure in summer or snowmelt in winter, and aggravated in case of low discharge or slow flow. 57 

Lake temperatures respond to air temperature with a temporal shift dependent on the depth [24]. In 58 

spring and summer, the upper layers warm up and a stable stratification develops, and the heat only 59 

progressively reaches the deeper layers throughout autumn and early winter. In most mid-latitude 60 

lakes, temperature and therefore density are homogenized throughout the water column by vertical 61 

mixing in late winter. Vertical mixing supplies oxygen to the deeper layers, which is important for the 62 

health of the profundal ecosystem. Lake dynamics is also strongly influenced by wind. In addition to 63 

stimulating currents and mixing, wind drags surface water along and can provoke up- and 64 

downwelling of significant water masses [25]. 65 

When using the thermal energy of these waterbodies, it is important not to alter significantly their 66 

thermal regime, so as to avoid to disturb the system. 67 

2 Thermal use of waterbodies 68 

2.1 Overview 69 

The technology for thermal use of waterbodies typically consists of three main components (Figure 70 

1): 71 

• Water intake and discharge pipes (primary loop), where the intake and discharged water 72 

circulate; 73 

• Heat exchangers and a heat transport network (secondary loop); 74 

• Heat pumps and a heating/cooling network (heating/cooling loop). 75 

An alternative design is to use immersed pipes in a closed loop, whereby heat exchange occurs 76 

within the waterbody, with no intake of water [2]. 77 
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 78 

Figure 1 – Example of a thermal use system from a waterbody. In this example, (i) the system provides 79 
cooling for an industry and heating for a house, (ii) heating is dominant, so that the discharged water is 80 

colder than the intake water, (iii) the source water does not reach the users thanks to a primary heat 81 
exchanger. 82 

In the case of heat extraction, heat pumps (Section 2.2) are operated to mechanically extract thermal 83 

energy from the source water, or from a heat transport fluid after a primary heat exchange. Thereby, 84 

heat pumps transfer heat from a low-temperature source to a high-temperature sink, which can then 85 

provide heating for interior spaces, infrastructure or industrial processes. 86 

In the case of heat disposal, cooling of buildings or infrastructure is usually performed by direct 87 

circulation of source water, or of a heat transport fluid after a primary heat exchange. Such direct 88 

cooling is feasible if the temperature of the source is low enough to satisfy the requirement of the 89 

users (e.g., < 15 °C, depending on the design of the cooling infrastructure). In Switzerland, lakes and 90 

rivers are generally suitable for air conditioning and process cooling: the deepwater temperature of 91 

lakes rarely exceeds 6 °C, and many rivers remain cold throughout the year. In lowland rivers, 92 

however, temperatures can rise above 20 °C during the hottest periods of summer, reducing their 93 

capacity for direct cooling. 94 

For processes requiring temperatures lower than that of the waterbody, a chiller (i.e., a heat pump in 95 

reverse cycle) must be operated. To satisfy a high cooling demand where water availability is low, 96 

advanced cooling techniques should be employed, such as the operation of cooling towers, which 97 

enhance cooling by evaporation [26]. These techniques allow cooling with warmer water and 98 

recycling of used water [27]: it was estimated that cooling towers can reduce water consumption by 99 

a factor of 30 and heat discharged back to the waterbody by a factor of 100 compared to direct 100 

cooling [28]. 101 

Even though the technical knowledge is well established, thermal use of waterbodies is still limited 102 

[22,29,30]. Most existing systems were designed more than 30 years ago to cool thermal power 103 

plants using river water [31], often with a high temperature difference between intake and 104 

discharged water [27]. Since then, few large systems were realized. However, with increasing 105 

pressure towards reduction of CO2 emissions, there is growing interest in the vast potential offered 106 

by waterbodies for heating and cooling throughout the world [32]. The use of ambient heat could in 107 

addition help stabilizing the electricity market, absorbing excess electricity in times of low demand to 108 
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produce heat or cold [5]. This is desirable in the context of increasing shares of renewable electricity. 109 

The major ecological drawback of such thermal use is the potential impact on the ecosystems in the 110 

affected waterbodies (Section 2.3). 111 

2.2 Heat pumps 112 

For heating, the properties of the heat pumps largely determine the electrical needs, working 113 

temperatures, operating conditions and thus reliability and overall energetic efficiency of the system. 114 

Conventional heat pumps have been known for long and have been thoroughly described 115 

[33,34,4,35]. The operation of heat pumps requires an input of external energy (usually electricity), 116 

which comprises compressor energy, pressure losses in the evaporator and condenser, and energy 117 

for system regulation [34]. 118 

The coefficient of performance (���) of a heat pump measures the ratio between the useful 119 

(output) heat ������� [J] and the required (input) energy �	
��� [J]. For example, a heat pump with a 120 ��� value of 5 produces 5 units of useful heat out of 4 units of ambient heat and 1 unit of input 121 

energy. The ��� can be formulated as [33]: 122 

��� = ��������	
��� 	≅ 	�	 �� + 273.15�� − �� = �	���	���� (1) 

where �� [°C] is the temperature of the heat sink (output temperature), �� [°C] is the temperature of 123 

the heat source, � [-] is the efficiency grade, and	���	���� is the maximum theoretical value for the 124 ��� based on the thermodynamic cycle with given �� and �� . For thermal use of waterbodies, the 125 ��� ranges typically from 3 to 5 [36,37]. Heat pumps are more efficient when operated with a 126 

higher source temperature and/or lower output temperature. 127 

Lakes and rivers are a source of low-temperature heat. Because of thermodynamic principles, heat 128 

pumps cannot efficiently generate high-temperature heat from such a source: the output working 129 

temperature is limited to about 60 to 70 °C, especially in winter and early spring when lakes and 130 

rivers are the coldest. This is usually enough to cover domestic room and water heating demand, as 131 

well as part of the heat for processes requiring higher temperatures – the remainder is typically 132 

obtained by burning fuels. 133 

In this work, we assume �� = 50 °C and a 1 °C loss due to the heat exchangers (i.e., �� is 1 °C colder 134 

than the source water). Indicative values of the efficiency grade for the three typical natural heat 135 

sources, from heat source to heat distribution system, are given in Ref. [33]: � = 0.50 (waterbodies), 136 � = 0.45 (ground),	� = 0.35 (ambient air). In practice, waterbodies were indeed often shown to be a 137 

more efficient source of heating and cooling than ambient air [6,38,39]. 138 

2.3 Thermal discharge and related impacts 139 

Water used for heating or cooling purposes is discharged at an altered temperature: it is a thermal 140 

discharge. The discharged water is colder (if used for heating) or warmer (if used for cooling) than 141 

the intake water. Thermal discharge generally takes place in the same waterbody that serves as 142 

water source. The impacts of thermal discharge on the physical properties and subsequently on the 143 

ecology of lakes and rivers have been previously reviewed [40] and are only shortly summarized 144 

here. On the one hand, thermal discharge modifies the temperature in the receiving waterbody. In 145 

general, the resulting ecological impacts are larger if thermal discharge causes alterations exceeding 146 
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or approaching the limits of natural variability (e.g., an increase of surface temperatures in summer). 147 

On the other hand, transfer of water to a different location or to a different waterbody may also 148 

have impacts. Indeed, such translocation may cause unwanted fluxes of nutrients, oxygen or other 149 

compounds [41]. In a stratified lake, if large amounts of water are used and discharged elsewhere, a 150 

vertical displacement of the thermocline may occur [42,43]. For example, if water is withdrawn from 151 

the hypolimnion and discharged into the epilimnion or into a river, the thermocline will gradually sink 152 

over the stratified season as water gets translocated. Such displacement should be limited to avoid 153 

temperature deviations exceeding natural variability within the lake. Operating with a higher 154 

temperature difference between intake and discharged water allows reducing the total water 155 

demand and thus thermocline displacement while improving efficiency. This operating design may 156 

however increase the local impacts of thermal discharge [42]. 157 

In lakes, local impacts (in the vicinity of a thermal discharge) are generally more noticeable than any 158 

large-scale change. Local impacts may involve measurable temperature alterations, modified water 159 

currents, attraction of or avoidance by mobile organisms, and advancement or retardation of 160 

biological cycles [42]. 161 

In the case of a thermal use modifying significantly the temperature of large parts of a lake, impacts 162 

can occur over broader scales. These may involve change of the heat content of the lake, alteration 163 

of the natural stratification (and possibly impact on vertical mixing) and ecological changes such as 164 

modified timing and intensity of algal growth or changes in community composition [42]. 165 

In rivers, the impacts of a thermal discharge may potentially be felt over long distances (up to 166 

hundreds of kilometers), as the temperature alterations are transported by the flow. In the case of 167 

important alterations, there can be consequences for aquatic organisms: favorable conditions for 168 

better-adapted species, modified timing of some ecological processes or difficulty to spawn or 169 

migrate for some fish species [31,42]. 170 

A thermal discharge in a river may modify its density before it reaches a downstream lake or ocean 171 

[31,44]. In such a case, the river may enter the lake or ocean at a different depth, possibly modifying 172 

the distribution of sediments, nutrients and oxygen [42]. A relevant fraction of thermal discharge into 173 

a lake can be transferred to the outflow in systems with a short residence time and especially under 174 

wind influence (e.g., Lake Biel and the Aare [44]). 175 

3 Scope of this work 176 

We consider the main lakes, rivers and lake outlets in Switzerland. We estimate the potential for heat 177 

extraction and heat disposal of each lake – split into basins if needed – and each river – split into 178 

stretches if needed. In addition, we estimate the potential for heat disposal of each lake outlet, 179 

assuming intake of cold water from the lake and discharge into the outlet. To compute these 180 

potentials, we consider realistic thermal use conditions, as well as the specific properties of each 181 

waterbody and seasonal factors, in order to minimize the possible negative impacts on the aquatic 182 

system. We further estimate the population living around each waterbody and thereby the regional 183 

demand for heating and cooling, which can be compared to the potentials. 184 

We then use a hydrodynamic model to perform the reverse calculation and estimate the thermal 185 

impact for a realistic thermal use on a lake. With this model, we investigate the influence of different 186 

operating parameters on the operation of thermal use and on the impacts of the associated thermal 187 
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discharge. Finally, we discuss the practical implementation and limitations of thermal use, including 188 

planning, operation and impact mitigation. 189 

Previous studies investigated the potential of specific waterbodies (summarized in Appendix E). The 190 

present work aims at (i) giving an integrated overview of the potentials in Switzerland, (ii) relating 191 

them to the regional demand, (iii) giving insights into the planning of a realistic thermal use, and 192 

(iv) providing methods for similar work in other regions of the world. Apart from a recent study in 193 

Denmark [45] and to our best knowledge, there is no published estimate of the thermal potential of 194 

lakes and rivers and the corresponding demand at the waterbody resolution and for entire countries. 195 

In our study, we take specific properties of the waterbodies into account, allowing for a more 196 

accurate estimate than previous published work. 197 

4 Methods 198 

4.1 Demand 199 

We first estimate the overall demand for heating and cooling in Switzerland, and subsequently the 200 

average demand per capita. Secondly, we estimate the number of inhabitants living near each 201 

considered waterbody via a GIS approach, by summing the inhabitants of all the communes around 202 

the lake, along the river stretch, or of the city where the lake outlet is located [46]. Communes of 203 

neighboring countries were also included, except those downstream of Switzerland’s border. Finally, 204 

knowing the demand per capita, we deduce the regional demand for each waterbody. 205 

This method gives an upper estimate of the actual regional demand for thermal use. It is unrealistic 206 

to assume that all inhabitants in a commune would be provided with heating and cooling from a 207 

waterbody. There are often other local sources of heat (e.g., waste incineration) that can be utilized, 208 

and communes sometimes cover large areas or elevation differences that are impractical for distance 209 

heating or cooling. Furthermore, the communes near several waterbodies of different type (lake, 210 

river or a lake outlet) may be counted more than once. The communes allocated to each waterbody 211 

are listed in the data files provided in Appendix A. 212 

Heating and cooling demands strongly depend on local temperatures, which are largely determined 213 

by elevation. Here, we assume that the average person in Switzerland lives at 500 m a.s.l., and that 214 

the average demand per capita corresponds to this elevation. Based on observational data, we then 215 

make the following simplifying assumptions: heating demand increases linearly with elevation, 216 

reaching the double at 1800 m a.s.l.; cooling demand decreases linearly with elevation, reaching zero 217 

at 1500 m a.s.l. These corrections are based on the elevations of the lake water surfaces and the river 218 

gauge stations. 219 
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4.2 Potential 220 

4.2.1 Lakes 221 

We perform a potential estimate for all Swiss lakes deeper than 30 meters and with a volume larger 222 

than 20 million m3, excluding high alpine reservoirs (see Appendix A for a map and the properties of 223 

the considered lakes). The yearly quantity of heat ����� [J] that can potentially be extracted from or 224 

disposed to a given lake is estimated as: 225 

����� = ���	 	∆�"���	#$	% 	 ������ − 1	��	 	∆�&���	#$	%  
for heat extraction 

for heat disposal 

(2) 

where �� = 4200 J kg-1 °C-1 is the heat capacity of water,   = 1000 kg m-3 is the density of water, 226 #$	% [m3] is the volume into which the discharged water is expected to mix, and ∆�"��� [°C] and 227 ∆�&��� [°C] are the allocated temperature differences within #$	% for heat extraction and disposal, 228 

respectively. 229 

It was often shown that anthropogenic warming is ecologically more critical than cooling, especially 230 

in the context of climate change [42]. For this reason, we set the temperature differences as follows: 231 ∆�"��� = 0.5 °C and ∆�&��� = 1.0 °C. One should note that such temperature alterations may not be 232 

acceptable for all lakes, depending on local conditions and ecosystems. 233 

For thermal use in winter, #$	% is considered to be the whole lake. In summer however, #$	% 234 

depends on the stratification of the water column and on the depth of the thermal discharge. In 235 

oligomictic lakes, #$	% is chosen to avoid a possible disruption of vertical mixing (i.e., neither 236 

warming of the epilimnion nor cooling of the hypolimnion). In addition, warming of the surface layers 237 

is avoided in spring and summer, as climate change will expectedly have a particularly strong impact 238 

there [47]. 239 

To estimate the potentials, we assume that water is withdrawn at the most favorable depth, that is 240 

where it is the warmest for heat extraction and the coldest for heat disposal. We further assume 241 

operation with a maximal temperature difference between intake and discharged water of 10 °C, and 242 

that the discharge temperature may not be lower than 2 °C (for heat extraction) or higher than 15 °C 243 

(for heat disposal). We also estimate the volume of water required to realize the potentials, and the 244 

corresponding possible thermocline displacement. 245 
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4.2.2 Rivers 246 

Based on available discharge- and temperature-monitoring stations, and aiming at covering most of 247 

the river flow in Switzerland, locations were selected along rivers with an average discharge larger 248 

than 1 m3 s-1 (see Appendix A for a map and the properties of the considered rivers). The yearly 249 

quantity of heat �'	(�' [J] that can be extracted from or disposed to a given river section is estimated 250 

as: 251 

�'	(�' = ���	 	∆�"���	)���	∆*�� 	 ������ − 1��	 	∆�&���	)���	∆*��  
for heat extraction 

for heat disposal 

(3) 

where ∆�"��� [°C] and ∆�&��� [°C] are the allocated temperature differences for heat extraction and 252 

disposal, respectively, )��� [m3 s-1] is the flowrate for thermal use at this location and ∆*�� [s] is the 253 

duration of an operating season. 254 

We assume operation with a maximal temperature difference (∆�"��� or ∆�&���) between intake and 255 

discharged water of 10 °C. We choose )��� so that the temperature alteration in the river before and 256 

after thermal use does not exceed the legal limit of 1.5 °C (valid in Switzerland for rivers in the trout 257 

region). We further assume that the discharge temperature may not be lower than 1 °C (for heat 258 

extraction) or higher than 30 °C (for heat disposal). This allows to identify rivers that are too cold in 259 

winter for heat extraction, that is with a winter temperature below or near 2 °C (these are generally 260 

rivers with high alpine catchments). We also estimate the volume of water required to realize the 261 

potentials. 262 

Along the course of a river, upstream thermal use can reduce the potential for downstream thermal 263 

use by modifying the river temperature. Here, we neglect exchange with the atmosphere, through 264 

which the temperature of a river could return towards equilibrium [48] and thereby recover part or 265 

all of its thermal potential. The water may therefore not be used more than once. The most 266 

upstream location can use the potential corresponding to the entire flowrate of the river. 267 

Downstream locations can only use the additional flow, (i.e., the difference between the local 268 

flowrate and the flowrate at the previous upstream location). The downstream locations are chosen 269 

in river stretches relevant for thermal use, that is, with sufficient additional flow and enough 270 

potential users downstream of the previous upstream location. 271 

4.2.3 Lake outlets 272 

Large lakes often have a single, large outlet. Their potential for thermal use is further increased if 273 

water is also discharged into the outlet (not only into the lake). This is especially interesting in 274 

summer, as deep, cold water from the lake can be used for cooling and discharged at a similar or 275 

lower temperature than that of the outlet. This brings two main benefits: further warming of the lake 276 

is avoided, and the outlet can even be slightly cooled by the thermal discharge in summer. As the 277 

temperature alteration resulting from such operation is opposite to the one of the usual method 278 

(where water is taken and discharged in the same waterbody), the potential of lake outlets can be 279 

added to the potential of lakes and rivers. This approach could also be used for heat extraction in 280 

winter from inversely-stratified lakes (typically at higher elevations). 281 
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As for rivers (Section 4.2.2), the yearly quantity of heat that can be disposed to a given lake outlet 282 �����	������ [J] is estimated as: 283 

�����	������ = �+	 	∆�	)���	∆*�� for heat disposal (4) 

where ∆� [°C] is the temperature difference between the intake lake water and the lake outlet, 284 )��� [m3 s-1] is the flowrate displaced to the lake outlet and ∆*�� [s] is the duration of an operating 285 

season. Both ∆� and )��� may strongly vary seasonally. 286 

Withdrawing lake water from the hypolimnion in summer and discharging it in the outlet causes a 287 

drawdown of the thermocline (Section 2.3). The magnitude of this drawdown is directly proportional 288 

to )���. Here, we choose to limit )��� so that the drawdown of the thermocline occurring from 289 

spring to autumn as a result of thermal use does not exceed 2 m. In winter, when lakes are weakly 290 

stratified (and ∆� is low), )��� is limited so that the theoretical drawdown of the lake surface would 291 

not exceed 2 m (considering the lake as a closed system). 292 

4.3 Modeling thermal use 293 

We use the one-dimensional numerical model Simstrat v1.6 (initially described by Ref. [49], now 294 

available at https://github.com/Eawag-AppliedSystemAnalysis/Simstrat/releases/tag/V1.6), applied 295 

to Upper Lake Constance over 32 years (1984 to 2015) and to Lower Lake Zurich over 33 years (1981 296 

to 2013), to model thermal discharge. Upper Lake Constance is the second-largest lake of 297 

Switzerland, but its shore and surroundings are comparably weakly populated. On the other hand, 298 

Lower Lake Zurich lies in a very densely populated area, while its volume is about 14 times smaller 299 

than that of Lake Constance. Details about the model set-up are given in Appendix C. 300 

Thermal use is calculated with an average heating and cooling power equal to half the demand 301 

estimated for the corresponding lake (Appendix A and Table 1). This thermal use can be considered 302 

very intense in Lower Lake Zurich, and moderate in Upper Lake Constance. In order to represent the 303 

strong seasonal variability of the demand due to the local weather, the power is scaled at the daily 304 

scale using heating and cooling degree-days data from the MeteoSwiss weather stations in Güttingen 305 

(for Upper Lake Constance) and Wädenswil (for Lower Lake Zurich). The resulting heat extraction and 306 

disposal used in the model are shown in Figure 2. This fine seasonal scaling is a key difference with 307 

the work of Ref. [22]. One weakness of this method is the fact that when cooling degree-days are 308 

zero (often from October to April), heat disposal is also set to zero. In reality, some users also require 309 

cooling throughout winter (e.g., food services, computer systems or laboratories). Our approach 310 

tends to underestimate cooling demand, and thus warming of the lakes, in winter, and overestimate 311 

them in summer. 312 
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 313 

Figure 2 – Heat extraction (red) and disposal (blue) in Upper Lake Constance (dotted line) and Lower Lake 314 
Zurich (full line), averaged for each day of year in the simulation period. In Upper Lake Constance (~200’000 315 
people), average heat extraction / disposal is 293 / 56 MW. In Lower Lake Zurich (~300’000 people), average 316 

heat extraction / disposal is 431 / 80 MW. 317 

Using the model, we investigate the effects of specific design and operating parameters on the 318 

impacts of thermal discharge. Table 1 shows these operation and design parameters, four of which 319 

are variable. Table 1 also defines a “baseline” parameter set by giving baseline values for each 320 

variable parameter. 321 

Table 1 – Parameters of thermal use. LC: Upper Lake Constance, LZ: Lower Lake Zurich. 322 

Category Parameter Value or range Description 

Design 
,	
 10 to 100 m Intake depth; baseline value: 20 m. ,��� 10 to 100 m Discharge depth; baseline value: 20 m. 

Demand - 
200’000 (LC) 
300’000 (LZ) 

Indicative number of inhabitants considered. 

Heat 
extraction 

�"��� 293 MW (LC) 
431 MW (LZ) 

Annual average heat extraction from the lake.(1) 

�$	
 1 to 5 °C 
Minimum discharge temperature after heat 
extraction; baseline value: 2 °C. ∆�"���,$�%��

 -10 °C 
Maximum absolute temperature decrease (between 
discharge and intake) after heat extraction. �� 60 °C Output temperature (heat pumps). 

Heat 
disposal 

�&��� 56 MW (LC) 
80 MW (LZ) 

Annual average heat disposal to the lake.(1) 

�$�% 10 to 20 °C 
Maximum discharge temperature after heat 
disposal; baseline value: 15 °C. ∆�&���,$�%��

 10 °C 
Maximum absolute temperature increase (between 
discharge and intake) after heat disposal. 

(1)
 Values correspond to half the regional demand (listed in the data files provided in Appendix A). 323 

 324 

For a given parameter set, we compute the thermal use over the simulation period: intake and 325 

discharge temperatures, operating flowrate, final heat extraction and disposal and ��� value (for 326 
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heating). We then feed the resulting thermal discharge to the model. The results of the simulations 327 

including thermal use are then compared to those of the reference case (no thermal discharge). This 328 

methodology allows for a more accurate simulation of the impacts of thermal discharge on the 329 

temperature regime of the lake than the basic estimates using discharge volumes and maximum 330 

acceptable temperature alterations. The model also allows investigating the role of different 331 

operating parameters relevant to thermal use. 332 

5 Results 333 

5.1 Demand 334 

Estimates for the current demand for heating and cooling in Switzerland are summarized in Table 2. 335 

Table 2 – Yearly demand for heating (average 2010 to 2014) and for cooling in Switzerland (~8 million 336 
people). Heating estimates from Ref. [50], cooling estimates from Ref. [51]. 337 

 Households 
[PJ yr-1] 

Services and 
agriculture 

[PJ yr-1] 

Industry 
[PJ yr-1] 

Total 
[PJ yr-1] 

Fossil + 
electricity 

share 

Room heating 165.3 70.1 18.1 253.5 85 % 
Water heating 31.9 10.1 3.1 45.1 90 % 
Process heating 5.5(1) 2.3 87.9 95.7 90 %(2) 

Total heating 202.7 82.5 109.1 394.3  

Air conditioning(3) 0.1 11.4 1.0 12.5 100 % 
Process cooling(3)(4) 13.5 22.3 14.0 49.7 75 % 

Total cooling 13.6 33.7 15.0 62.3  
(1)

 Assuming the same distribution of energy sources between the sectors in 2014 as on average for 2010-2014. 338 
(2)

 Assuming the same distribution of energy sources for process heating as for room and water heating. 339 
(3)

 Available values are for the electricity consumption related to cooling. It is assumed that all cooling is 340 

performed by electrical chillers with an average coefficient of performance of 3. The actual amount of cold 341 

production is equal to the electricity consumption multiplied by 3. 342 
(4)

 Demand for cooling excludes the nuclear power plants (which represent ~50 PJ yr
-1

 [43]), freezing devices 343 

and deepfreeze facilities. 344 

 345 

From Table 2, the yearly demand per capita can be calculated: 49 GJ for heating and 7.8 GJ for 346 

cooling. These values are used in the next sections to estimate the regional demand near specific 347 

waterbodies. 348 

In the future, demand for heating and cooling in Switzerland is expected to evolve due to different 349 

factors, including demography, change of habits and policies, climate change and evolution of the 350 

technology. A projection of the effect of some of these determining factors on the evolution of the 351 

demand for heating and cooling is summarized in Table 3. 352 
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Table 3 – Expected future changes in heating and cooling demand due to changes in specific drivers. Changes 353 
in comfort needs, political will, economic development and tourism were not considered. 354 

Drivers Change in 
heating demand 

Change in 
cooling demand 

Considered 
period 

Society: increase in population [52] +1.0 % yr-1 +1.0 % yr-1 2015-2045 

Climate: global warming [53,54](1) -0.3 % yr-1 +2.3 % yr-1 2000-2035 

Technology: better isolation and 
higher efficiency [55](2) 

-1.3 % yr-1 -1.3 % yr-1 2000-2015 

Total -0.6 % yr-1 +2.0 % yr-1  
(1)

 Assuming heating and cooling demand respond to a change in heating or cooling degree-days with an 355 

amplitude reduced by 50 %. For example, a 1 % reduction in heating degree-days results in a 0.5 % reduction in 356 

heating demand. The calculations use climate scenario A2 (high emissions, no intervention), medium estimate. 357 
(2)

 Assuming for cooling demand the same technology change as for heating demand. 358 

 359 

5.2 Potential 360 

5.2.1 Lakes 361 

The potentials and demands for the 36 considered lakes or basins (see Appendices A and B) are 362 

displayed in Figure 3. Related to the lake volume and surface area, the ranges of the potentials for 363 

heat extraction are 3.3–5.8 PJ yr-1 km-3 and 0.07–0.98 PJ yr-1 km-2, and for heat disposal 1.0–2.4 PJ yr-364 
1 km-3 and 0.014–0.40 PJ yr-1 km-2 (Figure 4). The geographical distributions of these potentials and 365 

demands are shown in Figure 7 (heat extraction) and Figure 8 (heat disposal). 366 

 367 

Figure 3 – Boxplots of the estimated potentials and demands for the considered lakes. 368 
H: heat extraction, C: heat disposal. The boxes show the 1

st
, 2

nd
 and 3

rd
 quartiles. 369 
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 370 

Figure 4 – Boxplots of the potentials per volume and per area for the considered lakes. 371 
H: heat extraction, C: heat disposal. The boxes show the 1

st
, 2

nd 
and 3

rd
 quartiles. 372 

5.2.2 Rivers 373 

The potentials and demands for the 35 considered rivers at 57 locations (see Appendices A and B) are 374 

displayed in Figure 5. Related to the river flowrate, the range of the potentials for heat extraction are 375 

0.014–0.27 PJ yr-1/(m3 s-1), and for heat disposal 0.011–0.20 PJ yr-1/(m3 s-1) (Figure 6). The 376 

geographical distributions of these potentials and demands are shown in Figure 7 (heat extraction) 377 

and Figure 8 (heat disposal).378 

 379 

Figure 5 – Boxplots of the estimated potentials and demands for the considered rivers. 380 
H: heat extraction, C: heat disposal. The boxes show the 1

st
, 2

nd
 and 3

rd
 quartiles. 381 
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 382 

Figure 6 – Boxplots of the potentials per flowrate for the considered rivers. 383 
H: heat extraction, C: heat disposal. The boxes show the 1

st
, 2

nd
 and 3

rd
 quartiles. 384 

 385 

Figure 7 – Potentials of lakes and rivers in Switzerland for heat extraction, and regional demand. 386 
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  387 

Figure 8 – Potentials of lakes and rivers in Switzerland for heat disposal, and regional demand. 388 

5.2.3 Lake outlets 389 

The potentials of the 9 considered lake outlets (see Appendices A and B) range from 0.4 to 43 PJ yr-1 390 

(Figure 9). As our method limits thermal use of lake outlets via a maximal thermocline drawdown, 391 

the outlets of larger lakes have larger potentials, and the flowrate is of secondary importance. 392 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 393 

Figure 9 – Boxplots of the estimated potentials and demands for the considered lake outlets (for heat 394 
disposal). The boxes show the 1

st
, 2

nd
 and 3

rd
 quartiles. 395 

5.3 Modeling thermal use 396 

5.3.1 Baseline results 397 

Table 4 shows the main results of our model for the two simulated lakes. These results relate to both 398 

the operation of thermal use (heat extraction and disposal) and the temperature impacts of the 399 

associated thermal discharge. 400 

Table 4 – Summary of the results of the modeling of thermal use. The baseline parameter set is: ./0 = 20 m, 401 .123 = 20 m, 45/0 = 2 °C, 4567 = 15 °C. 402 

  Upper Lake Constance 

(1984 to 2015) 

Lower Lake Zurich 

(1981 to 2013) 

H
e

a
t 

e
x

tr
a

ct
io

n
(1

)  Number of heating days 332 yr-1 330 yr-1 

Useful heating energy 9.2 PJ yr-1 13.6 PJ yr-1 

External energy need for the heat pumps 3.0 PJ yr-1 4.5 PJ yr-1 

Required volume of lake water 0.41 km3 yr-1 0.61 km3 yr-1 

Operating flowrate 14.3 m3 s-1 21.4 m3 s-1 

Temperature difference between 
discharge and intake(3) 

-3.58 °C -3.56 °C 

H
e

a
t 

d
is

p
o

sa
l(1

)  Number of cooling days 63 yr-1 69 yr-1 

Useful cooling energy 1.8 PJ yr-1 2.5 PJ yr-1 

Required volume of lake water 0.065 km3 yr-1 0.077 km3 yr-1 

Operating flowrate 12.0 m3 s-1 13.0 m3 s-1 

Temperature difference between 
discharge and intake(3) 

+6.69 °C +7.77 °C 

T
h

e
rm

a
l 

im
p

a
ct

s(2
)  Mean winter profile -0.03 to -0.02 °C -0.33 to -0.16 °C 

Mean spring profile -0.04 to -0.02 °C -0.35 to -0.18 °C 

Mean summer profile -0.03 to 0.00 °C -0.35 to +0.02 °C 

Mean fall profile -0.03 to 0.00 °C -0.43 to +0.11 °C 

Surface water (10 m depth)(4) -0.04 to +0.02 °C -0.38 to +0.24 °C 

Mid-depth water (40/50 m depth)(4) -0.03 to -0.02 °C -0.40 to -0.22 °C 

Deepwater (100/150 m depth)(4) -0.03 to -0.02 °C -0.19 to -0.16 °C 
(1)

 All values are averages over the indicated simulation period. 403 
(2)

 Ranges of temperature alteration are given (minimum and maximum values). 404 
(3)

 Weighed with the corresponding flowrate. 405 
(4)

 Values are averages for each day of year over the indicated simulation period. 406 
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5.3.2 Influence of the operating parameters on the operation of thermal use 407 

Our modeling work exposes how the four variable parameters affect the thermal use of Upper Lake 408 

Constance (full results in Appendix D): 409 

• ./0 (intake depth). Expectedly, a shallower intake is advantageous for heat extraction, while 410 

a deeper intake is advantageous for heat disposal (Figure 10(a) and (b)). For heating, optimal 411 

efficiency is achieved with an intake at 20 m depth or above, but greater depths are only 412 

slightly less favorable. The power-averaged ��� decreases from 3.10 (,	
 = 10 m) to 2.96 413 

(,	
 = 100 m). For cooling, best conditions are found below 40 m depth, while shallower 414 

depths are very unfavorable. In lakes that stratify inversely in winter (common at higher 415 

elevations or under cold winter conditions), a shallow intake is also unfavorable for heat 416 

extraction. 417 

• .123 (discharge depth). Operation of thermal use is independent of ,���. 418 

• 45/0  (minimal temperature for thermal discharge after heat extraction). A lower �$	
 419 

increases the efficiency of the process. In other words, one can operate with a higher ∆�"��� 420 

and therefore lower water flows (Figure 11(a)). Typically, �$	
will be determined by the 421 

source temperature and by the characteristics of the heat pumps. The model shows that if 422 �$	
 > 2 °C, much larger water volumes are required to extract a given amount of heat. If 423 �$	
 ≥ 4 °C, the frequency of periods where heat extraction is impossible (as the intake water 424 

would then be colder than the discharged water) increases greatly. 425 

• 4567  (maximal temperature for thermal discharge after heat disposal). A larger �$�% 426 

increases the efficiency of the process. In other words, one can operate with a higher ∆�&��� 427 

and therefore lower water flows (Figure 11(b)). The model results show that if �$�% < 15 °C, 428 

much larger water volumes are required to dispose of a given amount of heat. 429 
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 430 

Figure 10 – Upper Lake Constance: effect of the intake depth on (a) the absolute temperature difference 431 
between discharge and intake and (b) the yearly volume of lake water needed. In (a), the temperature 432 

difference is weighed with the flowrate and averaged over the simulation period. 433 

  434 

Figure 11 – Upper Lake Constance: absolute temperature difference between discharge and intake as a 435 
function of (a) the minimal discharge temperature (heat extraction) and (b) the maximal discharge 436 

temperature (heat disposal). The temperature difference is weighed with the flowrate and averaged over the 437 
simulation period. 438 
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5.3.3 Influence of the operating parameters on the impacts of thermal discharge 439 

Overall, realistic thermal use results in a slight cooling of a lake (Table 4). This cooling is stronger in 440 

winter and spring than in summer and fall. This illustrates the lag between thermal use and thermal 441 

impacts in the lake, which progressively accumulate over the heating or cooling season. Throughout 442 

the water column, thermal use causes an overall cooling of the hypolimnion and of the water at 443 

intermediate depths, while in the epilimnion the impacts vary seasonally: cooling in winter and 444 

spring, and no effect or slight warming in summer and fall (Figure 12). 445 

In Upper Lake Constance, the model showed that thermal use has little impacts on the lake. The 446 

absolute daily-averaged temperature difference does not exceed 0.05 °C, and the average seasonal 447 

profiles deviate by up to 0.04 °C. In Lower Lake Zurich, thermal use is comparatively more intense 448 

and, in the extreme cases, causes the daily-averaged temperatures to be up to 0.63 °C cooler or 449 

0.32 °C warmer. As the thermal impacts are significantly stronger in Lower Lake Zurich, this case was 450 

used to investigate the effect of the four variable parameters (full results in Appendix D): 451 

• ./0. Thermal impacts tend to increase with the depth of the intake. This is primarily an effect 452 

of water translocation, as considerable volumes are moved from the intake to the discharge 453 

depth ,��� = 20 m. In particular, a deeper intake results in colder lake temperatures in fall but 454 

potentially in a stronger warming of the mid-depth layers (at ~40 m depth). 455 

• .123. As expected, thermal impacts are generally stronger in the depth range of the 456 

discharge, for both cooling and warming. Shallow discharge (common in practice) reduces 457 

lake cooling but may increase summer temperatures in the surface layers. 458 

• 45/0. Variations of the minimum discharge temperature strongly affect the thermal impacts 459 

in the lake. Thermal impacts are the lowest when �$	
 ≤ 2 °C. This effect is partly due to the 460 

fact that the required volume of lake water is much higher if �$	
 increases (Section 5.3.2). 461 

• 4567. Modeled thermal impacts are not significantly affected by the maximum discharge 462 

temperature. A higher �$�% tends to result in a stronger warming in the surface layers, which 463 

can be understood as the result of a warmer plume accumulating there. 464 
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 465 

Figure 12 – Lower Lake Zurich: contour plot of the daily-averaged temperature changes due to the thermal 466 
use defined in Figure 2 and Table 1, using the baseline parameter set. 467 

6 Discussion 468 

For most lakes and rivers in Switzerland, the estimated potentials for heat extraction and disposal are 469 

an order of magnitude above the maximum regional demands for heating and cooling. This highlights 470 

the large thermal potential offered by lakes and rivers in Switzerland. However, it does not entirely 471 

rule out the fact that measurable impacts may occur through thermal use of the considered 472 

waterbodies. The estimates also identify specific cases where the regional demand is near or higher 473 

than the available potential and for which thermal uses must be particularly well managed. In 474 

Switzerland, heat extraction from waterbodies can reduce the use of fossil fuels, and heat disposal to 475 

waterbodies can replace energy-intensive chillers. 476 

The outcomes of our analysis are not necessarily directly transferable to other world regions, where 477 

other local energy sources, for example geothermal energy [56], may be available. Our work shows 478 

that very densely populated areas have a demand for heating and cooling that can exceed the 479 

potential of local waterbodies (an example in Switzerland is the region of Zurich). For rivers flowing 480 

by several large users, the impact of the accumulated thermal discharge on the downstream users 481 

cannot be neglected. In particular, cooling of power plants is critical, as it induces only warming of 482 

the river (generally more problematic than cooling) and as there are usually very large amounts of 483 

heat at stake. 484 

6.1 Refinement of the estimates 485 

Our potential estimates provide an order of magnitude but cannot be considered as accurate for a 486 

specific lake or river. Finer estimates would require better knowledge of the processes acting in each 487 
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waterbody. Consideration of seasonality would also improve the prediction of the available potential 488 

and possible impacts of thermal use throughout the year [28]. 489 

In lakes, a reliable assessment of the conditions under which specific temperature alterations are 490 

critical for lake ecology (e.g., disruption of vertical mixing or significant loss of habitat for a species) is 491 

necessary to better estimate the acceptable potential. This involves a good understanding of the 492 

dispersal of the thermal plume(s), both within and outside the lake. An appropriate tool for such 493 

assessment can be modeling, given the many interacting processes such as atmospheric forcing, 494 

water currents, topography, outlet design, and operating conditions [44]. 495 

In rivers, consideration of ecological aspects allows for better potential estimates. In particular, the 496 

fish community and their periods of development, spawning and migration are of great importance. 497 

It would then be possible to define a maximal thermal use (e.g., as a maximal temperature 498 

difference) that is ecologically adequate as a function of season, river type and ecological properties 499 

[57]. 500 

6.2 Considerations for planning and operation 501 

Careful planning of thermal use infrastructure is decisive for the economic and technical viability of 502 

the system. Many factors affect the effectiveness of thermal use infrastructure and the impacts of 503 

thermal discharge on the aquatic environment. Four of these factors are discussed below, and a 504 

summary of typical cases requiring particular design or management measures is given in Appendix F. 505 

The location of the water intake is a critical parameter: depending on the thermal use (heating, 506 

cooling, or both), one may prefer high, low and/or stable temperatures during specific seasons. In 507 

rivers, which are rather well-mixed, knowledge of the seasonal flow and temperature regimes is 508 

necessary. In lakes, energetically optimal location and depth can be determined using a long series of 509 

monitored or modelled temperature profiles [58]. 510 

Rivers: flow and temperature regime 511 

Most rivers experience periods with flowrates significantly lower than the average flowrate. During 512 

these periods, the potential for thermal use is reduced. In Switzerland, the period with the lowest 513 

flow is usually around February for rivers with a glacial or nival flow regime, or in fall for rivers with a 514 

pluvial flow regime [59]. In addition, during hot summer periods, rivers can reach temperature 515 

maxima that reduce their potential for heat disposal [60,61]. Lowland rivers downstream of large 516 

lakes are particularly vulnerable to this problem, which is also exacerbated during periods of low 517 

flow. As a result, heat extraction may be periodically problematic in such rivers. They are, however, 518 

generally appropriate for heat extraction in winter, as their temperature very rarely drops below 519 

4 °C. On the contrary, rivers that are directly fed by a mountainous drainage basin are often too cold 520 

for efficient heat extraction in winter but are well-suited for heat disposal in summer. 521 

The temperature limits used in our work (± 1.5 °C, in accordance with the Swiss legislation) may not 522 

always be sufficient to avoid negative impacts. First, warming is often more critical than cooling. 523 

Secondly, the thermal tolerance of an ecosystem depends much on its organisms and varies 524 

seasonally [42]. We advise that temperature limits should take these factors into account, for 525 

example by progressively restricting heat disposal when river temperature increases (while possibly 526 

allowing for more heat extraction), and by limiting temperature alterations during sensitive periods 527 

(e.g., fish spawning). 528 
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Lakes: water chemistry and biological activity 529 

Shallow layers of lakes offer ideal conditions for organisms (more light, warmer temperature, etc.) 530 

and are therefore more prone to biological activity. Using this water can result in operating 531 

difficulties, such as suction of organisms, biofilm formation and colonization by mussels. These 532 

problems, known as biofouling (Appendix G), concern the primary loop: pipes, filters and heat 533 

exchangers directly exposed to lake or river water [62]. Biofouling usually causes a reduction in 534 

efficiency of heat exchange and an increase in operating costs (due to cleaning requirements). In 535 

particular, the upper 15 m of lakes in Switzerland should be avoided, as algae, zooplankton and fish 536 

often thrive there (especially during the warmer seasons). Zebra mussels are rarely found below 537 

15 m [63]; their presence also depends much on calcite concentration, pH and nutrient availability 538 

[64]. However, economic arguments must also be considered, given that long and deep underwater 539 

pipes are more expensive to build and maintain. 540 

Lakes usually contain more nutrients in the deeper layers. As a result, translocation of deepwater to 541 

the surface layers of a lake or directly to the outflow may induce nutrient fluxes [43]. This is expected 542 

to be particularly problematic in eutrophic lakes. 543 

Design of the thermal discharge 544 

Depending on the situation, one may prefer a thermal discharge to mix as rapidly as possible within 545 

the receiving waterbody, or instead to form a thermal plume that only affects a small part of the 546 

waterbody. 547 

The first case is typically favored if the thermal pollution is very small in relation to the heat capacity 548 

of the waterbody. Local impacts are then avoided thanks to rapid mixing and global impacts are 549 

assumedly negligible. This case can be implemented through specific design choices for the outlet: 550 

faster discharge velocity to enhance mixing, distribution of the discharge at several locations, pre-551 

mixing with ambient water to reduce the temperature difference, etc.  552 

The second case may be desired in the situation of a strong thermal discharge, the impacts of which 553 

should remain in a controlled area and not spread to the entire waterbody or other waterbodies. In 554 

lakes, this is for example achieved via the discharge of warm water near the surface. This water 555 

islighter and remains near the surface and can rapidly exchange heat with the atmosphere, 556 

effectively dissipating the added heat [65], which does not get stored in the lake. In rivers, a warm 557 

thermal discharge could be dispersed as a surface flow in order to intensify heat exchange with the 558 

atmosphere. A thermal discharge can also be designed to enter a river on the side, whereby it can 559 

flow along the river for a long distance (depending on the flow turbulence) [66]. The main flow of the 560 

river is then considerably less affected over some distance and could still provide shelter for sensitive 561 

species or a migratory corridor for fish. 562 

Impacts of warm thermal discharge can be attenuated if part of the heat is lost before the discharge 563 

enters the waterbody. This is typically achieved by leaving the warm water in contact with the 564 

atmosphere – for example in cooling ponds or channels [67] – before it is discharged. Another 565 

technique is to discharge the warm water as a spray, which will enhance evaporation and heat 566 

exchange with the air, thereby cooling the discharge. 567 
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Heat recycling 568 

Generally, demand for heating and cooling follows a strong seasonal pattern (Figure 2). There are, 569 

however, applications requiring heat all year (e.g., domestic warm water, swimming pools or 570 

industrial processes) or cold all year (e.g., food services, computer systems or industrial processes). 571 

If, within a given thermal use, heat can be exchanged between nearby users with different needs, 572 

thermal emissions to the environment can be reduced substantially. It is therefore essential to 573 

consider other potential users during the planning phase. 574 

6.3 Interactions with climate change 575 

Climate change will have an ever-growing impact on the environment over the 21st century, by the 576 

end of which substantial alterations will have taken place. These encompass global warming, changes 577 

in precipitation patterns, change in biological communities, etc., with consequences for all 578 

ecosystems [68]. Waterbodies will also be affected. Climate change induces a warming of lakes, 579 

which will expectedly be stronger for surface layers. Climate change also results in warmer rivers and 580 

affects their hydrological regime, expectedly shifting the flow regime earlier in the year. 581 

Regarding thermal use of lakes and rivers, several effects are acting. First, climate change pushes the 582 

demand towards less heating and more cooling [53,54] (among other drivers – Table 3). Secondly, 583 

waterbodies are becoming warmer, which makes them more suitable for heat extraction, but less 584 

suitable for heat disposal [69]. Changes in river flow will also affect the potential for thermal use of 585 

rivers. 586 
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• Waterbodies can be used as renewable energy sources for heating and cooling. 

• The potential of the main lakes and rivers of Switzerland is estimated. 

• The potential exceeds expected demands in most parts of the country. 

• Modelling shows that temperature impacts in the waterbodies are weak. 

• The presented methodology is readily applicable in many regions of the world. 


