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1 Introduction

There is a high degree of freedom and flexibility in the way to integrate renewable process heat in industrial
processes. Nearly in every industrial or commercial application various heat sinks can be found, which are
suitable to be supplied by renewable heat, e.g. from solar thermal, heat pumps, biomass or others. But in contrast
to conventional fossil fuel powered heating systems, most renewable heating technologies are more sensitive to
the requirements defined by the specific demand of the industrial company. Fossil fuel-based systems benefit
from their indifference to process temperatures in terms of energy efficiency, their flexibility with respect to part-
load as well as on-off operation, and the fuel as a (unlimited) chemical storage. In contrast, the required
temperature and the temporal course of the heat demand over the year determine whether a certain regenerative
heat generator is technically feasible at all or at least significantly influence parameters like efficiency or coverage
rate. Additionally, feasibility and performance of renewable heating systems are also significantly influenced by
the availability of heat sources (solar irradiation, ambient heat etc.) which also varies in time. To be able to
compare the potential of the coverage and the performance of renewable heating systems globally, first, it is
necessary to attain a profound overview of the variety of reference conditions for renewable heating systems. The
following reference conditions of industrial processes are decisive:

e Temporal course of heat demand (load profile):
While there are several methods available to estimate the expected load profiles of residential buildings,
little is known about the load profiles in the industrial and commercial sectors, especially when there is a
high share of industrial process heat to the overall heat demand. To fill this knowledge gap, industrial
gas consumption profiles are collected. In some cases, natural gas might be used as material but in
most cases, it is burned and transformed to heat in gas boilers. Therefore, the gas consumption is
assumed to be equal to (?) the heat demand. 800 profiles in hourly resolution of natural gas consumption
from industrial and large commercial, residential and public consumers (> 1.5 GWh/a) are collected, all
from German consumers. Using this database, the activities in Subtask A are focused on the
development of a methodology to categorize and develop standard (?)heat demand profiles.

e  Temperature requirements determined by heat sinks:
Suitable temperature levels are selected according to studies on temperature requirements of a broad
range of heat sinks available in the literature.

e Availability of renewable heat sources:
As heat sink and source characteristics are also dependent on the location, a method to characterize the
seasonality of the temperatures and heat loads at different locations is developed. Bases on this
methodology, representative locations are selected.

Within this work, process heat demand is defined as the overall heat demand of an industrial company, which is
composed of traditional process heat demand, e.g. heating up baths or streams of diverse fluids, and space
heating. Usually, the entire heat demand is covered by one system and one heating network. Thus, aiming at the
most complete decarbonization possible, it is not purposeful to make a distinction between these applications as a
100 % renewable heating system must provide heat for both.

This deliverable aims to create an overview on the requirements to renewable heating systems by defining
reference applications composed of a load profile, a temperature level and a location. Each of these reference
applications is supposed to be representative for a broad range of different industry sectors and locations. All
defined reference applications combined are intended to represent the entire range of worldwide possible
variability of heat sinks.

2 Methodology

In this section, the methodology to define reference applications is outlined. The methodology for load profile
categorization is summarized in section 2.1. Section 2.2 describes which temperature levels are selected. The
methodology to select reference locations is recapped in section 2.3. Finally, section 2.4 summarizes how load
profiles are created based on an ambient temperature profile.
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2.1 Cluster analysis

One very important variable influencing heat load profiles is stated to be the daily mean ambient temperature of
the respective location [1]. Space heating demand and the heat demand of many processes, e.g. drying with
heated ambient air, depends on the ambient temperature. Consequently, many of the more than 800 gathered
load profiles show a strong seasonality. This is because the profiles are from a temperate climate. In this climate,
the yearly amplitude between maximum and minimum of mean daily ambient temperatures is relatively high

(=~ 40 K) (Wirklich so hoch? Soweit ich gesehen habe, liegen die Werte eher bei 20 K?). In contrast to that, mean
daily ambient temperature is far more constant in sub-tropical or tropical climate. Therefore, the share of load
profile variance which can be explained by ambient temperature dependency is significantly smaller in sub-
tropical or tropical climates. Other parameters to explain the rest of the load profile variance are, for example,
degree of capacity utilization and type and operation of heat generators which can be summed up under user
behaviour. As no further information about the companies behind the profiles, their products, utilities, etc. is
known, the influences that can be traced back to this cannot be analyzed. Nevertheless, for most of the gathered
profiles, ambient temperature is suitable to explain the greatest part of the overall load profile variance, especially
when the daily heat demand is considered separately for working days and weekends or holidays. Additionally,
user behaviour cannot be predicted without detailed information on a specific consumer which is not available in
many cases. Therefore, ambient temperature is the only parameter used for load profile categorization and the
development of standard profiles (?) in this study.

The absolute gas consumption of the examined consumers varies strongly, even within the single industry
sectors. However, to achieve the goal of this analysis, the absolute values of gas consumption are of little
importance because they only represent a scaling factor. To focus on relative differences, load profiles are
normalized to the mean gas consumption on working days with an average ambient temperature of 8 °C.

To categorize the heat demand of the examined consumers, the load profiles are clustered by their dependency
on ambient temperature using a machine learning algorithm (K-Means). With four working day (wd) clusters
(Figure 1), the analysis shows a good compromise between accuracy and a manageable small number of
clusters. From wd-clusters 0 to 3, the dependency on ambient temperature continuously increases. For
consumers in wd-cluster 0, gas consumption is roughly the same on each working day of the year. In the case of
the ambient temperature dependent clusters, the summer load decreases from wd-clusters 1 to 3.
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Figure 1: Results of k-Means clustering for working day gas consumption (to keep the figure clean of outliers, the
triangular weighted moving average (x 15 periods) of each load profile is illustrated).
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For many load profiles from commercial consumers, there is a clear difference between gas consumption on
working days (wd) and weekends or holidays (wknd). Therefore, cluster analysis is done separately for wd and
wknds (Figure 2). An additional cluster (cluster 1) is necessary to consider those consumers with a significantly
reduced load on wknd. The other four wknd clusters show a similar trend but just a slightly lower gas consumption
compared to their wd pendants.
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Figure 2: Results of k-Means clustering for weekend and holiday gas consumption (to keep the figure clean of
outliers, the triangular weighted moving average (+ 15 periods) of each load profile is illustrated).

The shares of the different clusters found in each industry sector (Figure 3 and Figure 4) reveal that some
subsectors like the production of food products or beverages are dominated by a process heat demand that is not
dependent on the ambient temperature. For some other subsectors like the manufacturing of computer, electronic
and optical products or the manufacturing of electrical equipment, almost all consumers show a dependency on
the ambient temperature.
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Working days, primary and secondary sector
Il Cluster 0 Il Cluster 1 Cluster 2 Cluster 3 Il Cluster CHP

Electricity, gas, steam and air conditioning supply (n = 23) _ -
Manufacture of furniture (n = 7) _
Manufacture of motor vehicles, trailers and semi-trailers (n = 35) _ i .
Manufacture of machinery and equipment n.e.c. (n = 51) _ -
Manufacture of electrical equipment (n = 16) _ _
Manufacture of computer, electronic and optical products (n = 10) - _
Manufacture of fabricated metal products, except machinery and equipment (n = 56) _ .
Manufacture of basic metals (n = 7) _
Manufacture of other non-metallic mineral products (n = 6) _
Manufacture of rubber and plastic products (n = 18) _ -
Manufacture of chemicals and chemical products (n = 11) _ -
Manufacture of paper and paper products (n = 8) _
Manufacture of food products (n = 19) _
Crop and animal production, hunting and related service activities (n = 6) _ -
0 20 40 60 80 100

Share of load-profile clusters in %

Figure 3: Shares of wd-Clusters in primary and secondary sectors (just economy divisions with at least 5 load

profiles).
Weekends and holidays, primary and secondary sector
Il Cluster 0 Il Cluster 1 Cluster 2 Cluster 3 Il Cluster 4 Il Cluster CHP
Electricity, gas, steam and air conditioning supply (n = 23) - _
Manufacture of fumiture (n = 7) | NG
Manufacture of motor vehicles, trailers and semi-trailers (n = 35) _ _
Manufacture of machinery and equipment n.e.c. (n = 51) _ _
Manufacture of electrical equipment (n = 16) - _
Manufacture of computer, electronic and optical products (n = 10) _
Manufacture of fabricated metal products, except machinery and equipment (n = 56) _ -
Manufacture of basic metals (n = 7) | N NN
Manufacture of other non-metallic mineral products (n = 6) _
Manufacture of rubber and plastic products (n = 18) _ -
Manufacture of chemicals and chemical products (n = 11) _ -
Manufacture of paper and paper products (n = 8) _ ==
Manufacture of food products (n = 19) _
Crop and animal production, hunting and related service activities (n = 6) _ -
0 20 40 60 80 100

Share of load-profile clusters in %

Figure 4: Shares of wknd-Clusters in primary and secondary sectors (just economy divisions with at least 5 load
profiles).

2.2 Processes and Temperature levels

Renewable heat generators like solar thermal or heat pumps are sensible to heat sink and source temperatures.
For example, the efficiency of solar thermal collectors decreases if the difference between heat carrier and
ambient temperatures is increased or heat pump efficiency decreases if the temperature difference between heat
source and sink temperatures is increased. Consequently, heat sink and source temperatures are a major
influence on economic feasibility of renewable heating systems.

Schmitt [2] found that, in a temperate climate, economic feasibility of solar process heat plants is often limited to
heat sink temperatures of up to 100 °C. At the same time, the majority of commercially available large-scale heat
pumps is limited to heat sink temperatures of 100 °C [3]. Figure 6 illustrates temperature levels of common
production processes in the temperature range up to 240 °C. An accumulation of processes at temperatures
around 80 °C is discernible. For these reasons, 80 °C is selected as a reference (?) heat sink temperature to be
investigated in this Task.



Besides economic feasibility, technical feasibility is another important parameter limiting the application of
renewable heating systems. For example, commercially available large-scale heat pumps are limited to heat sink
temperatures of up to 160 °C [3]. Heat sink temperatures of around 150 °C are also limiting the application of
most non-concentrating solar thermal collectors [2]. Hence, 150 °C is selected as a second heat sink temperature
to be investigated in this Task (siehe letzten Absatz).

Temperature range in “C 20 40 60 80 100 120 140 160 180 200 220 240
Industry-wide
Heating supply line
Heating return line
Boiler fead or make-up water
Steam gensration
Air conditioning
Pra-haating
Washing/ cleaning
Food Products and Beverages
Blaniching
Scalding
Eviaporation
Cooking
Pastourizing
Smoking
Cloaning
Steriizing
Tempering
Drying
Washing
Paper and Paper Products
Blaaching
Dainking
Cooking

Drying
Fabricated Motal Products

Chromating

Figure 5 Overview of typical sector specific processes in Industry and Commerce with their respective
temperature level [2]
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2.3 Representative Locations

As described above, special attention has to be paid to seasonal changing parameters when renewable heating
systems are examined. Figure 6 visualizes the seasonal variability of two of the most important weather
parameters for renewable heating systems for various locations in climate zones 3, 4 and 5 (temperate, sub-
tropical and tropical):

e The amplitude of monthly mean ambient temperature strongly influences the shape of heat demand load
profiles. The higher the amplitude is, the more pronounced is the seasonality of consumption with a high
share of space heating or ambient temperature depending process heat demand. Additionally, the
availability of ambient heat as a heat source for heat pumps is also reflected by the amplitude of ambient
air temperature. The higher the amplitude is, the higher is the probability to have periods where ambient
heat is only conditionally or not usable at all, for example to prevent freezing or by other technical
limitations (e.g. maximum difference between heat source and sink temperature).

e For many consumers, heat demand is concentrated in winter. In contrast, irradiation is concentrated in
summer. The ratio of maximum to minimum global horizontal irradiation, AHaH, is a metric for the
seasonality of solar irradiation. The higher this seasonality is, the less likely is a high temporal overlap of
heat demand and solar irradiation.

In simplified terms, it can be summarized that from the upper left to the lower right of Figure 6, the anticipated
complexity of a solar heating system (storage size etc.), which is required for a high proportion of solar heat
supply, decreases. In the case of locations in the lower right corner, solar heating systems can potentially
supply 100 % of heat demand with, for example, just a one-day storage capacity. For heat pumps utilizing
ambient heat, the same can be applied but just in a vertical direction (inwiefern vertikale Richtung?).

By trend, climate zones are also lining up from the upper left to the lower right. To choose a location which
represents a kind of average in terms of the discussed parameters influencing renewable heating systems,
one location from the center of each climate zone is selected (Bern, Casablanca and Bangkok).

40

35

" Bern. * Casablanca
25

20 m Climate zone 3

15 A Climate zone 4

® Climate zone 5
10

Amplitude Max-Min T, month [°C]

0% 20% 40% 60% 80% 100%
Ratio Min/Max Monthly Hg,

Figure 6: Definition of Reference Locations

2.4 Regression model and profiles

The correlation between ambient temperature and heat demand is captured in a regression analysis. Two lines
are fitted separately for working days and weekends or holidays to each of the consumers individually and to all
consumers assigned to one of the found clusters (Figure 7)7. In the case of individually fitted functions, the mean
coefficient of determination (R?) for estimated load profiles is 0.79 and the standard deviation (o) of residuals

Page 6



between original load profiles and the fitted functions is 0.21. In the case of the cluster regressions, R2 (0.71) and
0 (0.24) are just slightly poorer.

——0=0.28 + 2017 -wd 2018 - wd

o3 -=-=0=0.07 2017 - wknd 2018 - wknd
Zo ¥
(¢)
=1
(¢}
0 PR 109 ot b
10°C 0°C 10°C 20°C

Tamb in °C
Figure 7: Two lines fitted to gas consumption of working days of an example consumer.

To create normalized cluster load profiles for each of the selected representative locations, Eq. 1 and the
respective parameters listed in Table 1 are used. To create an absolute load profile based on normalized load
profiles, Eq. 2 and additional information about the seasonal sum of heat demand is required. Since absolute heat
demand is just a scaling factor and to ensure comparability, an annual heat demand of 1 GWh/a is specified for all
applications in this study.

Qq {mh “Tamp + b if Tamp < T
h(T, == . Eq. 1
( amb) Qd (8°C) my, - Tamb + bw lf Tamb 2 Thl q
Qs
QuBC)=——"— Eg. 2
Ly A (Tamp); f
by, y-axis intercept of heating line [-]
b,, y-axis intercept of domestic hot water line [-]
h(Tpmp) normalized daily gas consumption as sig or siglin function of T, [-]
j number of days in examined season [-]
my slope of heating line [-]
my, slope of water line [-]
Qq daily gas consumption [kWh]
Q4(8°C) gas consumption on days with 8 °C ambient temperature [kKWh]
Qs seasonal (usually annual) gas consumption (minimum 300 days) [kWh]
Tamb ambient temperature [°C]
Thi
Table 1: Cluster regression parameters
Cluster bn Mh bw Mw Thi
0 1,0852 -0,0154 1,0610 -0,0071 2,9°C
1 1,4695 -0,0588 0,6779 -0,0133 17,4 °C
2 1,7719 -0,0960 0,4070 -0,0128 16,4 °C
wd 3 2,5404 -0,1780 0,5210 -0,0215 129°C
0 0,8814 -0,0124 0,6661 -0,0003 17,9 °C
1 0,4053 -0,0132 0,1961 -0,0006 16,6 °C
2 1,4792 -0,0661 0,6527 -0,0160 16,5 °C
3 1,3112 -0,0753 0,2952 -0,0098 15,5°C
wknd 4 1,9425 -0,1201 0,4449 -0,0175 14,6 °C
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For each location, 20 different load profiles are possible to create due to different combinations of wd and wknd
cluster regressions but just 14 occur amongst the examined consumers (Figure 8). Nevertheless, 14 different load
profiles at three defined locations and two different temperature levels result in 84 (14 profiles x 3 locations x 2
temperature levels) reference applications, which is not manageable. To further reduce the number of defined
reference applications, just the following high frequent combinations of wd and wknd clusters are selected:

e Wid-cluster: 0; wknd-cluster: 0 (Bern, Casablanca & Bangkok; heat sink temperatures 80 °C and 150 °C)
e Wid-cluster: 1; wknd-cluster: 2 (Bern, Casablanca & Bangkok; heat sink temperatures 80 °C and 150 °C)
Wd-cluster: 2: wknd-cluster: 3 (just Bern; heat sink temperatures 80 °C and 150 °C)

Since the latter is hypothetically caused by a high share of space heating on overall heat demand, this
combination is not reasonable to be applied for Bangkok and Casablanca as the temperature profile is quite
balanced throughout the year. Therefore, Wd-cluster 1 in Bangkok already shows only slight differences to Wd-
cluster 0. To show this effect and for the sake for completeness, Wd-cluster 1 is still shown for Bangkok. Wd-
cluster 3 only occurs 32 times in total, representing less than 6 % of the profiles (Figure 8), and is therefore not
included to the further analysis. Each of the selected cluster combinations represents various industry sectors
with a high likelihood (Figure 3 and Figure 4). Therefore, reference applications are not defined in more detail.

Hl Cluster 0 I Cluster 1 Cluster 2 Cluster 3 W Cluster 4

(2]
=2
o =
©
©
b=

0 20 40 60 80 100
Share of weekend and holiday clusters in %

Figure 8: Link of wd- and wknd-clusters.

Figure 9, Figure 10 and Figure 11 visualize the created reference load profiles with a daily resolution at the three
defined representative locations. Since the hourly variability of the heat demand can be buffered by a storage tank
in most cases, it is neglected for simplification reasons. If an hourly resolution is required, for example in
simulation, the daily heat demand can be evenly distributed over all hours of the day.
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Figure 9: Reference load profiles for location Bern (heat sink temperatures 80 °C and 150 °C)
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Figure 10: Reference load profiles for location Casablanca (heat sink temperatures 80 °C and 150 °C)
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Bangkok
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Figure 11: Reference load profiles for location Bangkok (heat sink temperatures 80 °C and 150 °C)

3 Conclusion and Outlook

Based on the analysis of more than 800 natural gas consumption load profiles, seven generic reference profiles
for industrial heat demand are generated. The profiles reproduce normalized industrial heat demand at three
different locations. Seasonal variations of the ambient temperature and of typical heat loads are taken into
account. Other influences such as user behaviour and variations of production output could not be evaluated and
included. To introduce more statistical variations into the profile, randomized variations could be included.

Within the further progress of Subtask A of IEA-SHC Task 64, these reference normalized heat load profiles will
be used to demonstrate the potential and the performance but also the limitations of solar process heat as one
technology in renewable heating systems in combination with other renewable heating technologies.
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