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WP1: Identification of potential uses for industrial excess heat. 
Introduction
The 2014 energy strategy of the EU aims at achieving by 2030 a 40% reduction of GHG emissions compared to 1990 levels, and increase overall energy efficiency and the share of renewable energy use by at least 27% (European Commission, 2014). The current Swedish climate act entered into force in January 2018 and aims at making Sweden carbon neutral by 2045, and to reduce GHG emissions by 63% (1990 baseline) until 2030 (Regeringskansliet, 2017). To achieve all these targets, a combination of measures must be adopted. 
Industrial excess heat (IEH) has been identified as a resource with potential to help meet these climate and energy efficiency goals, but a relatively high amount of untapped potential remains unused. In Sweden, where excess heat is currently responsible for 7,5% of the energy supply for district heating (DH) networks (Energiföretagen Sverige, 2017), it is considered that the potential for increased use, including for other uses, is significant (Broberg et al., 2012).
The utilisation of IEH reduces the use of primary energy resources that otherwise would be needed for the production of heat or to supply other energy services (Karlsson et al., 2009; Sandvall et al., 2015). The European Energy Efficiency Directive recognises some of these benefits of IEH use, especially when connected to electricity production and district heating (DH) networks (European Parliament, 2012). Additionally, industries in several sectors  are interested in increasing the use of and to supply excess heat externally (Återvunnen Energi, 2016). By recovering and using IEH, companies get paid for a resource that otherwise would be wasted, thus strengthening industries in international competition, and opening up opportunities for regional collaboration and industrial clusters.
Because excess heat is an output value from an industrial process that seldom directly cost anything or generate any revenue, it is seldom measured. There are many different methods to estimate excess heat potentials. These methods can be characterised based on their approach (bottom-up or top down studies), data sources and acquisition, and scale of coverage (local, regional, national, etc.) (Brueckner et al., 2014b).
Concepts and definitions 
The definition of IEH varies in different sources. The report from IEA – Annex XV: Industrial Excess Heat Recovery – Technologies and Applications attempted to create a common terminology, proposing the following definition (Industrial Energy-Related Technologies and Systems, 2015):
“Excess heat is the heat content of all streams (gas, water, air, etc.) which are discharged from an industrial process at a given moment. A part of that can be internally or externally usable heat, technically and economically. If heat from a process is used externally and cannot be used internally as an, it can be called white excess heat. If it is of biomass origin, it can be called green excess heat (a mixture is also possible). If the heat could have been used internally instead, technically and economically, it can be called black excess heat. Non-usable excess heat is the remaining part of the excess heat, when the internally and externally usable parts have been deducted. This part can be called waste heat. The often used term true excess heat can be defined as white or green excess heat, depending on fossil or biomass origin.”
Excess heat arises in industrial process as a by-product of the process itself, and is usually a resource with lower exergy than the other energy carriers utilised during the production process, making it unavailable to be used directly within the same process. Because thermal processes never achieve 100% efficiency, and it is impossible to recover all the energy input to a system as useful work, a share of the energy is emitted as heat. The efficiency of a thermal process is defined by the Carnot efficiency, which is given by equation [1]:

ƞCarnot = 1 – (Tc/Th )    [1]

where Tc and Th are the temperatures of the heat sink and the heat source, respectively. Equation [1] shows that the efficiency of a thermal process operating between two temperatures is increased if the temperature difference increases, and sets the maximum efficiency for a given temperature difference. Figure 1 shows a representation of the Carnot efficiency and the related parameters.
[image: ]Figure 1:  Carnot efficiency of a thermal process operating between two temperatures.

[image: ]When discussing excess heat potentials, it is important to make a distinction of what potential the methods used are considering. Normally, these potentials are divided into  three levels: the theoretical potentials, the technical or technological potential and the level of feasibility in economic terms, as defined by (Brueckner et al., 2014a), and described in Figure 2.
The theoretical potential, therefore, is the potential that could potentially be realised if the Carnot efficiency limit could be achieve in practice. However, this is not possible due to the several irreversible processes occurring in actual technical equipment, and there we have the technical potential, which is the potential achievable by actual technology already implemented. Considering the technical potential, not all of it can be realised in a profitable way, either because equipment has an efficiency that is too low, or because even if this efficiency is close to the technical limits, it is not profitable enough to justify its adoption.Figure 2: Levels of potential. Source: (Brueckner et al., 2014a).

Additionally, the methods can be classified in either top-down or bottom-up methods. The top-down procedure starts from the primary energy use, and, based on assumptions about conversion efficiencies and the allocation of the energy use to different processes,  outputs the estimation of the excess heat potential of sectors or regions. The deficiency of this method is that it is generally not possible to estimate the temperature levels of the excess heat. Bottom-up methods make use of data on a process level to build up the excess heat availability individually, and sometimes aggregates the data to whole sectors or regions. Data for representative industries is collected. If the methods used to collect the data are detailed enough, more thorough conclusions such as the technical potential is achieved (Industrial Energy-Related Technologies and Systems, 2015). 
Recovering and using industrial excess heat
The more conventional technologies to recover excess heat are heat exchangers, heat pumps, and heat export to district heating, district cooling or direct export to another company. There are also examples of low temperature applications such as greenhouse heating for farming and biogas production. Because the excess heat temperatures or quantities are often too low to be used in conventional steam cycles, new technologies are emerging. Examples of such technologies are Organic Rankine Cycles (ORC), Supercritical CO2 cycles, Kalina cycles, thermoelectric and thermophotovoltaic technologies. The recovery of excess heat also depends on the heat carrier phase (solid, liquid or gaseous streams), the temperature ranges and presence of contaminants or pollutants. Regardless of the technology used, these can be divided as follows:
· Direct use without upgrading
· Use after upgrading, through heat pumping
· Power generation
Temperature intervals
In most studies reporting industrial excess heat availability and potentials, the results are presented in an aggregated form in temperature intervals. The temperature intervals in which these potentials are aggregated vary broadly between studies. In addition, there is not always a division between the carrier medium in which the excess heat is found. The reasons for reporting the availability of industrial excess heat in this form varies. Studies based on top down methods consider estimations of process conditions and conversion efficiencies that are generalised for entire industrial sectors based on primary energy uses and company size factors. On the other hand, studies based on bottom-up methods, for example using questionnaires, usually do not collect process data on a level of detail that is detailed enough to understand the excess heat availability at any given temperature. One more factor of relevance is that the studies focus on different industrial sectors or different regions or countries, and these naturally contain industries with very diverse production processes at many temperature levels. For example, studies including the iron and steel industry or the cement industry usually have much higher temperature levels of excess heat to report than studies in the pulp and paper industry or food industry.
As a result, these different studies name the temperature levels as “low”, “medium” or “high”, sometimes with various complementary levels, in very different ways. As there is not a uniform definition for industrial excess heat temperature levels, the studies tend to use the levels suitable for the industry-specific cases. In countries with cold climate, such as Sweden, much lower temperatures of excess heat than usually considered are of relevance, as there are potential applications at these lower temperatures that are interesting in these regions. Some of the new technologies under development make it possible to recover excess heat at lower temperatures than established technologies, so that a more detailed division of temperature intervals below 250 °C becomes necessary in these cases. Figure 3 provides a compilation of the division of temperature intervals for previous studies on industrial excess heat. The results presented are only for the studies classifying the temperature intervals in low, medium and high. Several other studies use other definitions without characterising the intervals in such nomenclatures.
	Source
	Low
	Medium
	High

	(Brueckner et al., 2014b)
	< 100 °C
	100 - 400 °C
	> 400 °C

	(Hirzel et al., 2013)
	< 150 °C
	150 - 500 °C
	> 500 °C

	(DECC, 2014)
	<250 °C
	250-500 °C
	> 500 °C

	(Johnson et al., 2008)
	< 230 °C
	230-650 °C
	> 650 °C

	(Ma et al., 2012)
	< 150 °C
	150-500 °C
	> 500 °C

	(Frederiksen and Werner, 2013)
	<100 °C
	100-400 °C
	> 400 °C

	(Svensson et al., 2008)
	40-60 °C
	100 °C
	

	(Johansson and Söderström, 2014)
	<230 °C
	
	


[bookmark: _Ref514032547]Figure 3: Industrial excess heat temperature intervals considered in different studies.
In the current project phase for IEA IETS Annex 15 – Task 2, and considering the specifics of Sweden and potential technologies, the temperature intervals and nomenclature in Figure 4 are proposed.
	Excess heat category
	Temperature range

	Very high temperature
	> 250°C

	High temperature
	250°C - 140°C

	Medium temperature
	140°C - 100°C

	Low temperature
	100°C - 60°C

	Very low temperature
	60°C - 40°C

	Extremely low temperature
	40°C - 25°C


[bookmark: _Ref514032937]Figure 4: Temperature intervals and nomenclature proposed in the current project phase.
Technologies for industrial excess heat conversion
Organic Rankine Cycle (ORC)
The Rankine cycle converts heat into mechanical energy that is usually converted into electricity. The working medium, in liquid form, is pressurized and pumped to an evaporator, in which the working medium is heated until evaporation. The superheated steam expands in a turbine that converts the heat into mechanical energy, and, when connected to an electrical generator, produces electricity. The remaining steam in sent to a condenser, where the remaining heat is removed and the cycle is closed with the liquid being pumped to the evaporator to restart the cycle. Rankine cycles are the most used thermodynamic cycle in traditional power generation plants, having water steam as working medium. However, water is only suitable as working medium for heat sources above 240 °C. Lower temperatures and the corresponding lower steam pressures require larger equipment, and the heat available at such temperatures is not sufficient for superheating the steam (Broberg Viklund and Johansson, 2014). 
Organic Rankine Cycle take advantage of organic working fluids that have lower boiling points than water, allowing for the use of heat sources with lower temperatures with higher efficiencies than if water is used (Dai et al., 2009). The choice of organic fluid is application specific and the options cover a wide range of boiling points. The fluid is usually selected based on the temperature of the heat source (Johansson and Söderström, 2011). Organic fluids include n-pentane, OMTS, Solkaterm, GL160, R 134a, and other hydrocarbons. As with other conversion technologies, the conversion efficiency depends on the difference of temperature between the heat source and the heat sink, but also depends on the enthalpy of vaporisation, the fluid critical temperature and composition (Liu et al., 2004; Quoilin et al., 2011).
Kalina Cycles
The Kalina cycle uses a binary medium composed of a variable mixture of ammonia and water. The proportion of ammonia and water determines the temperature range in which the fluid boils, with the boiling points optimised for the specific use. The use of a mixture of liquids with different boiling points increases the temperature range in which the cycle recovers heat from the heat source, thus theoretically yielding higher thermodynamic efficiencies than traditional cycles (Kalina, 2003). It is most suitable for medium- to low-temperature (180-80 °C) heat sources, including gaseous and liquid streams. At these lower temperatures, the Kalina Cycle is always more thermodynamically efficient than traditional Rankine Cycles. Plants operating with Kalina Cycle are commercially available. However, this technology has not yet been tested to the same extent as ORCs (Broberg Viklund and Johansson, 2014).
Stirling engines
The Stirling engine is a closed thermodynamic cycle in which the working fluid is in a constant gaseous state. Unlike internal combustion engines, Stirling engines have the heat source located outside of the cycle, such that they are external combustion engines (Kong et al., 2004). The engine provides a constant temperature for the heating and cooling process of the cycle during compression and expansion (Kong et al., 2004), making it suitable for applications were a constant temperature  heat source can be supplied to the engine. The working medium is constantly compressed and expanded due to the alternating heating and cooling of the gases. It is possible to use a Stirling engine for heat and power production (CHP), by transferring the heat from the process to water, for example to supply DH (Moghadam et al., 2013). Stirling engines for use in CHP plants are commercially available, but other Stirling engines are under development to allow the recovery of heat from higher temperature exhaust gases (Broberg et al., 2012; Marius Ragnøy, Espen Borgir, 2014).
Phase Change Materials (PCM)
The principle of work of the phase change material engine is the volumetric expansion of a PCM when there is a phase change from liquid to solid. The aim of the engine is to produce electricity. Paraffin mixture is the material of choice, and the composition is adjusted to allow better efficiencies at the operating temperatures. The main component of the engine is an energy cell, which converts heat into mechanical energy. A heat source heats up the paraffin, which is melted to the liquid state and expands under high pressure. The cycle continues with the paraffin being cooled down by a heat sink, usually water, and the paraffin returns to the solid state, completing one cycle. During the expansion and contraction processes a hydraulic system converts the movement of the energy cell into mechanical energy. The mechanical energy is then converted into electricity in a generator. The PCM engine is currently the technology that converts excess heat into electricity at the lowest temperatures, working from 25 °C (Exencotech AB, 2018; Johansson and Söderström, 2011).
Thermoelectric generator (TEG)
Thermoelectric generators take advantage of the Seebeck effect. The Seebeck effect is the occurrence of a differential electrical potential in a semiconductor or conductor material caused by a gradient of temperature trough the material (Broberg Viklund, 2015; Johansson and Söderström, 2011). The magnitude of the induced voltage in relation to the temperature gradient is called the Seebeck coefficient. The most common material used is bismuth telluride (Bi2Te3), but quantum-well (QW) thermoelectric materials, such as SiGe, are also used (Karri et al., 2011). The voltage difference caused by the temperature gradient results in a flow of electric charges, and when the circuit is closed, the result is an electrical current. The generator is constructed by thermocouples of materials with different Seebeck effect coefficients, and these thermocouples are arranged electrically in series and thermally in parallel. The number of thermocouples connected in series determines the output voltage of the generator, but the voltage output is also dependent on the Seebeck coefficients of the semiconductors and the temperature difference of the heat sinks and heat sources. Each thermocouple has an optimal performance at specific temperature range, and a TEG can have different materials in segments optimised for the various temperature ranges (Rowe, 2006).
The thermoelectric materials that are commercially available are divided into three groups (Johansson and Söderström, 2011):
· low-temperature materials, up to about 250 °C (e.g. materials based on bismuth telluride);
· intermediate-temperature materials, up to about 600 °C (e.g. materials based on lead telluride);
· high-temperature materials, up to about 1000 °C (e.g. silicon germanium alloys).
The conversion efficiency depends on the temperature difference between the hot and cold sides of the generator, and are highly dependent on the temperature of the heat source. 
Thermophotovoltaic generator (TPV)
The thermophotovoltaic generator produces electricity directly from infrared radiation emitted from a high-temperature heat source, in a similar way to conventional photovoltaic (PV) cells powered by solar radiation. The thermophotovoltaic cell is made of diodes, in which the semiconductors are doped with different materials, creating valence bands that can be excited by photons. The movement of electrons from a valence band to a conduction band produces an electric current. Comparing the TPV with a conventional PV cell, the former have smaller band gaps that are optimized to absorb photons in the infrared radiation spectrum, resulting in higher efficiencies. The efficiency of the system depends on the match between the spectrum of the radiation of the heat source and the optimum for the specific diode (Mustafa et al., 2017; Qiu and Hayden, 2014). 
Comparison of the excess heat conversion technologies
Figure 5 presents a comparison for the excess heat technologies presented in this section, including other traditional technologies for reference.
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	Technology
	Working temperature (°C)
	Heat source phase
	Unit size (kWel)
	Electrical efficiency (%)
	Investment cost (EUR/kWel)
	Stage of development

	Rankine Cycle
	> 240
	Gas, steam
	0.5-1500 MW
	47 Condensing
	600-1500
	Commercial

	
	
	
	
	30 CHP 
	
	

	ORC
	30-550
	Gas, liquid
	5 kW-15 MW
	20
	850-3000
	Commercial

	PCM
	25-95
	Liquid
	10-1000
	2.5-9
	1400-1900
	Experimental development

	Kalina cycle
	80-180
	Gas, liquid
	0.05-12 MW
	12-17
	900-1200
	Commercial

	TEG
	150-800
	Gas, liquid
	200-800
	1.5-5
	-
	Small scale commercial

	TPV
	1000-1800
	Gas, liquid
	
	1-2
	-
	Experimental development

	Stirling 
	100-700
	Gas, liquid
	100-300
	13-36
	1700-4200
	Demonstration, commercial


[bookmark: _Ref514060685]Figure 5: Technologies for conversion of industrial excess heat. Compiled with information from:   (Broberg Viklund and Johansson, 2014; Energy Information Administration, 2017; Johansson and Söderström, 2011)
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