energies MoPY

Article
Exergy Analysis of the Supply of Energy and Material
Resources in the Swedish Society

Mei Gong 1'* and Géran Wall 2

School of Business, Engineering and Science, Halmstad University, Halmstad 30118, Sweden
Oxbo, Lerum 44392, Sweden; gw@exergy.se
*  Correspondence: mei.gong@hh.se; Tel.: +46-35-167321

2

Academic Editor: George Tsatsaronis
Received: 2 July 2016; Accepted: 30 August 2016; Published: 2 September 2016

Abstract: Exergy is applied to the Swedish energy supply system for the period 1970-2013.
Exergy flow diagrams for the systems of electricity and district heating as well as for the total
supply system of energy and material resources for 2012 are presented. The share of renewable use
has increased in both electricity and district heat production. The resource use is discussed in four
sectors: residential and service, transportation, industry and agriculture. The resource use is also
analyzed with respect to exergy efficiency and renewable share. The total exergy input of energy and
material resources amounts to about 2700 PJ of which about 530 PJ was used for final consumption in
2012. The results are also compared with similar studies. Even though the share of renewable resource
use has increased from 42% in 1980 to 47% in 2012, poor efficiency is still occurring in transportation,
space heating, and food production. A strong dependence on fossil and nuclear fuels also implies
a serious lack of sustainability. A more exergy efficient technology and a higher renewable energy
share are needed in order to become a more sustainable society.
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1. Introduction

Exergy is the “fuel” for dissipative systems, i.e., systems that are sustained by converting energy
and materials; e.g., a living cell, an organism, an eco-system, the Earth’s surface with its material cycles,
or a society, i.e., metabolic processes. The exergy concept could and should therefore, in this sense, be
used systematically to describe such systems scientifically [1].

The first and second laws of thermodynamics together with the physical conditions on the Earth
have a crucial impact on our living conditions. The resource use in the modern society implies resource
depletion and an environmental destruction never seen before in the history of mankind. Resource
management is characterized by unconscious incompetence, mainly based on a number of myths
and lack of morals [1,2]. In order to improve energy and material conversion processes the exergy
concept should be applied. Thus, exergy and exergy analysis are necessary tools to create and maintain
a sustainable or rather a vital society.

Exergy analyses have been applied to the physical resource use of countries including forestry,
agriculture and industrial processes [3-15]. Exergy flow diagrams are used to analyze the main
conversions of energy and material resources in a society, from the resource base to final consumption.
Also so called extended-exergy analysis including cost and labor has been applied to some societies,
e.g., China [16], Turkey [17], Norway [18]. The first exergy flow diagram of the total energy and
material resource supply system of a society was done in 1977 for Sweden 1975 [3] and later for
Sweden 1980 [1]. Exergy flow diagrams have also been made for several other countries, e.g., Japan [5],
Canada [8], Italy [6], Norway [9,18], and China [19-24]. Ertesvag [25] estimated the total exergy
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efficiency for a number of different countries to be approximately 0.1 to 0.3 and concluded that the
structure of the energy system is of main importance in this regard.

This paper will mainly focus on surveying the supply of energy and materials in the Swedish
society, and the detailed processes will not be analyzed in this paper. In Sweden the use of energy
resources has changed dramatically since 1970. The use of fossil fuels has dropped and the use of
electricity which is mainly derived from nuclear power has increased. Fossil fuel is a non-renewable
resource or deposit resource. Electricity and district heat are not resources but forms of exergy carriers.
Thus, the production of electricity and district heat must be carefully investigated to be able to
determine how shifting from fossil fuel to electricity and district heat would affect sustainability.
Presently, the use of solar and wind is steadily growing. The purpose of this exergy analysis is to
address the exergy efficiency and to realize to what extent the resource supply system is renewable,
i.e., is the Swedish supply of energy and material resources becoming more sustainable or not?

2. Method

2.1. Exergy and Exergy Factor

Exergy is a measure of how far a given system deviates from equilibrium with its environment,

a given reference state or an internal equilibrium. The exergy E of a system in a large environment
is [3,26,27]:

E = TyAS™t 1)

where T is the temperature of the environment, and AS*! is the change of the entropy of the total
system due to irreversibility, i.e., the system and the environment. Equation (1) is known as the
Gouy-Stodola theorem [28,29]. When heat Q is transferred between two reservoirs at temperatures T
and Ty, the exergy becomes [27]:
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This is a generalization of the Carnot relation or the maximum work that can be extracted from
two reservoirs. The exergy factor is the ratio between exergy and energy, mostly a number between 0
and 1. The exergy factor of heat is strongly dependent on temperature, see Table 1. It should be noticed
that some factors are only approximate due to an unknown moisture content of the fuel.

Table 1. The exergy factor of some common energy forms.

Energy Form Exergy Factor
Mechanical energy 1.0
Electrical energy 1.0
Chemical energy about1.0?

Oil, petroleum products 1.04
Natural gas 1.03
Coal 1.06
Coke 1.05
Fuelwood (20% humidity) 1.13
Nuclear energy 0.95
Sunlight 0.93
Hot steam (600 °C) 0.6

District heat (current 3rd generation) 0.17°

Thermal energy at room temperature (20 °C) 0-0.1°¢

Thermal radiation from earth 0

2 May exceed 1, due to definition of system boundaries and final states [30]; ® Average value for Swedish district
heating system [31]; ¢ Strongly depending on the outdoor temperature, average value 5%.
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In this analysis the average outdoor temperature was used as reference temperature. The thermal
exergy for all raw materials and chemical fuels was neglected except for high temperature fuels.
The output exergy includes both exergy of products and exergy of waste. The exergy destruction due
to irreversibility is not visible since this is exergy that simply vanish into nothing. Exergy is never in
balance in irreversible or real processes whereas energy is always in balance. This condition is of major
importance in the understanding of the main benefit of analyzing exergy instead of energy. However,
this fact is too often neglected in the literature.

2.2. Data Sources

Data are mostly from the Statistics Sweden, Swedish Forest Agency, Swedish Energy Agency, and
International Energy Agency (IEA). The data related to woods and forests are mainly from Swedish
Statistical Yearbook of Forestry and for agriculture and food from Yearbook of Agricultural Statistics
including food statistics. Due to variations in the data from different sources some data have been
estimated. In the Swedish statistics the exergy of biomass is based on the lower heating value (LHV).

2.3. Exergy Flow Diagrams

Exergy flow diagrams offer an overview of the exergy conversions from the resource base to
end-users. The width of a flow represents the amount of exergy. Thus, inefficiencies are made visual
and so are potentials for improvement and savings which are of crucial importance in decision making.
Primary resources or the resource base appear in the left hand side of the diagram. In the middle are
conversion and transmission processes and to the right are end uses or final consumption. Losses
appear either as flows of waste to the environment directed downwards or as decreasing width from
the destruction of exergy or due to irreversibilities.

3. The Production and Distribution of Electricity and District Heat

The production of electricity and district heat in Sweden has increased since 1970. Exergy flow
diagrams for the production and distribution of these exergy carriers are presented below. In these
diagrams the final conversion is excluded which will be covered in the complete exergy flow diagram
for the Swedish society in Section 5 below.

3.1. Electricity

Figure 1 shows the electricity production from five different supply systems. Hydro and nuclear
fuels (U-235) are the main resources in the production of electricity, together they account for 69% in
1970 and about 90% from 1980 until 2008 of the total electricity production. From 2008 the installed
capacity of wind power and solar photovoltaic is increasing at the average rate of about 24% and
44% per year respectively [32,33]. Conventional thermal power plants use fossil fuel, peat, biofuel
and municipal solid waste. These plants accounted for 31% in 1970 and 11% or less from 1980 of the
total electricity production. Electricity is produced in condensing power plants and combined heat
and power plants (CHP). A CHP not only produces electricity, but also district heat by a so-called
back-pressure process. The use of renewable fuels in these plants is increasing.
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Figure 1. Electricity production by sources without net import and export, 1970-2014. Data source: [34].

The electricity certificate system is a support system in order to increase electricity produced
from renewable resources. Sweden and Norway have an open electricity certificate market since
1 January 2012 with the goal of increasing the production of renewable electricity by at least 95 PJ in both
countries between 2012 and 2020. In Sweden electricity from sunlight and wind has increased to 7% of
the total electricity production in 2013. Installed grid-connected photovoltaic (PV) systems increased
from 0.56 MW in 2006 to 17 MW in 2012 [35] and the trend is a continued increase. Hydropower

remains more or less constant during these years.

The total production of electricity reached 585 PJ in 2012 with large net exports. This includes
conversion losses of potential energy in the dam, transformer losses at the power stations and pumping
losses in pumping stations. 81% of the total electricity production was delivered to different users, as

shown in Figure 2. The rest 39 PJ was lost due to electric resistance and imperfect adaptation between

production and consumption, i.e., transmission losses.

Exergy of Electricity in Sweden 2012
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Figure 2. Exergy flow diagram of the system for electricity in Sweden during 2012. Data source: [34].
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Figure 2 shows the exergy flow of electricity from different sources and imported electricity to the
end use in 2012, the diagram also includes the related district heating in the CHP plants. The middle of
the diagram shows various power plants, electrical grid and heat from CHP plants to district heating
grid. The heat losses are close to ambient temperature so exergy is very small. The difference between
incoming and outgoing flows for the conversion processes is due to irreversibility or exergy destruction.
The largest conversion loss appears in nuclear power plants. 76% of the total amount of fuels used
in conventional thermal power plants came from biomass and municipal solid waste. The exergy of
district heat is only 17 PJ] whereas the energy value is 102 PJ.

Electricity was mainly used in residential and service sector and industry sector which was 94%
of total electricity use in Sweden. The household used about 126 PJ of electricity for lighting, heating
and other services. The service sector used 127 PJ] and industry used about 191 PJ of electricity for
manufacturing, mining and quarrying. About 11 PJ of electricity were used for agriculture, forestry,
mining and fishing. About 15 PJ of electricity were used by railway, urban and other types of
transport and supporting activities including street and road lighting. The rest of electricity was
used for construction.

3.2. District Heat

District heating was introduced in 1950s mainly by the use of boilers. The energy supply for
district heating has been almost constant since 1994. The dominant fuels today are biomass and waste,
and the share of coal and oil is less than 10% [36]. This creates a nearly fossil fuel free district heating
system. Due to the prohibition of landfilling of combustible waste from 2002 and organic waste
from 2005 waste incineration plants are used as base loads in several Swedish cities. With an open
electricity market in Northern Europe CHP plants have become more common for producing district
heat. The efficiency of waste fueled CHP plants has been improved with flue gas condensation.

In order to calculate the exergy content of district heat, the average annual outdoor temperature
in Sweden was used as a reference temperature. The average supply and return temperature of
districted heat in Sweden were 85 and 55 °C respectively. These temperatures were used in the
exergy analysis. The exergy of heat delivered to the end users differs a lot. In this analysis the normal
required temperatures in Sweden used for space heating and domestic hot water were 20 °C and 50 °C
respectively. In single- and multi-family buildings about one third of the heat demand is for domestic
hot water in contrast to the service sector only 2%-3% is used for this purpose whereas the rest is used
for space heating [37].

In industry about 5% of the district heat is used as high temperature heat. The temperature for
heat demands in the industry can be divided into three temperature levels: low temperature level
(<100 °C) for space heating, domestic hot water, washing, rinsing and food preparation; medium
temperature level (100400 °C) for evaporating and drying; high temperature level (>400 °C) for
manufacturing of metals, ceramics, and glass etc. High and medium temperature processes often
generate waste or excess heat to be recovered in district heating systems. In 2012 the energy and exergy
of this excess heat were 17 and 4 PJ respectively.

Figure 3 gives an exergy overview of the production and distribution of district heat including a
part of the electrical grid in Sweden during 2012. There is a large difference between energy and exergy
flow diagrams due to district heat having a low exergy factor or about 17%, see Table 1. The x-value,
i.e. the ratio of electricity to heat, based on energy and exergy were 0.3 and 2, respectively. Thus, a lot
of exergy is destroyed in heat production processes. In the right hand side of Figure 3, the flows to
grey boxes show exergy of distributed hot water. The final conversion to space heating and domestic
hot water means that only about one third of the delivered exergy will be utilized as a comfortable
indoor climate for the final user [38]. In Sweden the average ratio of exergy utilized by the user of the
delivered heat was about 40%, thus most of the exergy is lost in the production, distribution and final
conversion to heat at relatively low temperature levels [31].
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Exergy of District Heating in Sweden 2012
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Figure 3. Exergy flow diagram of the district heating system in Sweden in 2012. Data source: [34].

4. The Swedish Supply System in Four Sectors

All parts of the society are highly dependent on the supply of exergy carried by energy and
material resources. In this section the energy and material supply system mainly related to the user
is divided into four sectors: residential and service, transport, industry, and agriculture and food
production. The exergy use within these four sectors was analyzed for the period 1970 to 2013.

4.1. Residential and Service Sector

In this sector almost 60% of the energy usage is for space heating and domestic hot water [39].
The heat demand is directly depending on the outdoor temperature, which implies large variations
daily, yearly, and from north to south. The outdoor temperature in Sweden may vary from —30 °C
in winter to +30 °C in summer. The largest heat demand in 2010 was due to cold weather. District
heating mostly serves multi-family buildings. In one- and two-dwelling buildings electricity was the
most commonly used form of energy and to a large extent for space heating and domestic hot water by
electric heaters [40]. This implies very low exergy efficiencies. However, to the better number of heat
pumps is steadily increasing. Data for this is unfortunately out of the reach by the statistical authorities
and can only be estimated.

Figure 4 shows the exergy use in the residential and services sector. Oil fueled heating has been
replaced by electric heaters and district heating. Thus, the use of fossil fuels, mainly oil products,
has decreased rapidly since 1979. The use of electricity has been increasing since 1970, but remains
constant over the last 10 years. The thermal energy delivered by district heating was about one third
of the total energy use in residential and service sector during the recent years. However, due to the
relatively low temperature of district heat, the delivered exergy as district heat was less than 10% of
total exergy supply.
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Figure 4. Exergy use in the residential and services sector 1970-2013. Data source: [39].

Even though the use of solar energy still is small, it plays an increasingly important role in Sweden.
The solar heating systems in Sweden are mainly for heating water during summer. The installation
of solar heating systems did amount to over 20,000 m? in 1980. However, then dropped until 2001
when it exceeded this amount [41]. Installation of solar heating systems was very much related to
state governed subsidies from 2009 to 2011. In 2012 only half as many solar heating systems was
installed compare to the early years with subsidies. With a state governed financial support to solar PV
since 2009, the grid-connected PV systems have been rapidly increasing [35]. The financial support to
grid-connected solar PV system was gradually decreased from about 60% per year in 2009 to 30% for
companies and 20% for private persons in 2015. Even through decreasing subsidies the grid-connected
PV systems continue to increase due to the drop of the cost for solar PV systems.

4.2. Transportation Sector

Road transports consumed 94% of the total exergy used in transport sector during 2013 [39].
Figure 5 shows the exergy use in the transportation sector where the highest use or about 324 PJ was
in 2007. Fossil fuels were the dominating fuel in this sector or more than 94% of total exergy use.
The use of diesel has increased and in 2010 it exceeded the petrol usage. The diesel price has changed
from less expensive to more or less the same level as petrol. The electricity use has been more or less
constant. The main biofuels used in Sweden for transports are biodiesel, ethanol and biogas. The use
of biofuels gradually increased to 8.5 PJ in 2013. The recent government policy encourages renewable
energy-fueled car by changing the definition of eco-cars and applying new tax on low admixture
transport biofuels in January 2013. Even though the use of electricity and biomass have increased for
vehicles, fossil fuels are difficult to replace by renewable resources. Still the transportation of food and
people more or less completely depend on the availability of fossil fuels.
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Figure 5. Exergy use in the transport sector, including international transport 1970-2013. Data source: [39].

4.3. Industry Sector

Figure 6 shows the exergy use in the industry sector. Pulp and paper industry used more than
one third of the total exergy used while iron and steel industry, chemical industry, and manufacturing
industry accounted for about 10% each [39].
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Figure 6. Exergy use in the industrial sector 1970-2013. Data source: [39].

The use of fossil fuels has dropped by about one percent annually. Electricity and biofuels plays
an increasing role or about 1%—2% increase annually during the last 10 years or more than 70% of the
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total exergy use. District heat accounted for less than one percent of the total exergy used and was
mostly used for space heating.

In 2004 an Energy Efficiency Improvement Program in energy intensive industries (PFE) was
proposed with a reduction of the energy tax on electricity for the participating companies [42].
In January 2007 the EU’s 20/20/20 targets launched 20% improvement in the efficiency of energy
use [43]. The PFE program continues and even more companies got involved in this program. With an
improvement of the efficiency the total industrial exergy use has been relatively constant even though
the production has increased. The industrial sector has successfully transferred from fossil fuels to
electricity and biofuels.

The largest industry in Sweden is pulp and paper industry with strong connections to forestry,
forest industry, and biofuel production. Chemical pulp mills, mechanical pulp and paper mills, and
sawmiills also offer potentials for production of biofuels as well as new raw materials in the future.
The forest biomass demand is over 727 PJ/year [44].

In forestry the stocks of timber and the raw materials from the forest are generally quantified in
wood without bark (m® fub). Wood is here used as a unifying name of many different kinds of
wood. The exergy content of wood is given by the total change of chemical and “structural” exergy.

m3

The chemical exergy is the exergy stored in the material as lack of binding exergy between the atoms
in a molecule. The structural exergy is the exergy or information stored in the structure of a material.
This part is of great value for certain materials such as proteins or cellulose fibers. The structural exergy
is well utilized when wood is used as building material or as raw material for the production of paper.
By burning useful wood this part is badly utilized and it is better to burn only useless wood or paper.
The structural exergy is, however, often a very small part of the total exergy content of a material but
never the less very useful. The exergy of wood is about 17.9 MJ /kilogram dry solid. The natural water
content of wood is about 25%. The wood with an average value of density equal to 450 kg of dry solid
per m? has an exergy of 8 GJ /m?.

During 2012 the consumption of wood from Swedish forest production was 81 Mm? fub. 46.4 Mm?
fub went to pulp and paper industry, 33.6 Mm3 fub went to sawmills that in turn generate 10.8 Mm?
fub by-products for use in the pulp and wood panel industries. The final 0.8 Mm? fub went to the
wood panel industry [45].

In the pulp production there is a great loss of exergy due to the conversion of chemical exergy
into heat at the boiling of pulp. 371 PJ of wood, 28 PJ of recycled paper and 86 PJ of electricity were
used to produce about 194 PJ of final products of which most were exported. The exergy content of the
outputs consisting of deal, pulp, and paper was about 174 PJ.

In the mineral industry Sweden was a leading producer of iron ore in the European Union.
The Swedish iron ore has an average iron weight content of about 60% and the exergy content of iron
ore was calculated to 0.51 MJ/kg [4]. The production of iron ore was 29 Mton in 2012 [46] and the ore
represents a total exergy quantity of 15 PJ.

4.4. Agriculture and Food Production Sector

Harvested crops are converted into food. The input in agriculture and food industry is not only
solar radiation but also fertilizers, fuels and electricity. The food consists partly of plant substances
such as vegetables and bread and partly of animal substances such as milk and meat. In Sweden crops
are cultivated not only for food but also for specific energy use or generation of biogas. The outflow of
food is very small, mainly due to heavy losses in the conversion of vegetable products into animal
products. The agricultural land in Sweden covers about 2.6 million hectares at present and this area
varies with only a few percent per year.

Table 2 shows the vegetable yield in exergy of the most common Swedish crops in 2012. There is
an uncertainty in the precise composition of the materials especially concerning the water content.
The total exergy content of the vegetation products was about 151 PJ. In addition to this there were hay,
straw and harvesting losses estimated to about 190 PJ, i.e., in total about 341 PJ of crop production.
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Table 2. Vegetable yield in Sweden during 2012.

Yield in Mton PJ/Mton PJ
Winter wheat 1.934 16 30.9
Spring wheat 0.356 16 5.7

Rye 0.14 15.5 2.2
Winter barley 0.06 15.5 0.9
Spring barley 1.641 15.5 254

Oats 0.731 179 13.1

Triticale 0.14 16 2.2

Mixed grain 0.053 16 0.8
Peas 0.035 16 0.6
Field beans 0.058 16 0.9

Ley 3.125 16.1 50.3

Potatoes 0.805 3.5 2.8

Sugar beets 2.314 2.8 6.5
Rapes 0.322 19.1 6.2
QOil flax 0.124 19.1 24
Total yield - - 151

The animal production is listed in Table 3 with a total production of about 22 PJ. Exergy from 6
PJ fossil fuels and 3 PJ electricity were used in agriculture, in greenhouses, and in the food industry.
The export and import of agricultural products were approximately equal in exergy terms. Mostly
cereals were exported and animal food was imported. The indirect use of exergy mainly in the form of
fertilizers is not included here. Food is the output of this sector.

Table 3. Animal production in Sweden during 2012.

Animal Production Mton PJ/Mton PJ
Milk 2.861 3.3 9.44
Meat, pork and poultry 0.47 22 10.34
Eggs 0.122 22 2.68
Total production - - 22.47

The food consumption in Sweden for 2012 with approximately 9.55 million inhabitants can be
estimated in different ways. According to the recommended daily intake, the people in Sweden should
consume about 33 PJ with considerations taken to the age-distribution. The statistical yearbook states
an average food energy supply of 13.2 MJ/day and person [47]. This adds up to 46 PJ for the Swedish
consumption. This indicates that food is wasted and overconsumed leading to overweight and related
diseases. Thus, a large amount of the produced food is wasted both in the distribution system and in
the households.

5. Energy and Material Resource Use in Sweden

5.1. The Use of Energy Resources in the Period 1970-2013

The use of energy resources, electricity and district heat from 1970 to 2013 is presented in exergy
units in Figure 7. The exergy used, i.e., excluding losses, is more or less constant or about 1400 P]/year.
The use of fossil fuels from coal, oil and gas has decreased since 1980, however, not in the transport
sector, see Figure 5. In short, fossil fuels have been replaced by electricity from nuclear power which
explains the increased loss during this period. Also the use of biofuels has increased.
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Figure 7. Exergy use by energy carrier in Sweden 1970-2013. Data source: [39].

5.2. Exergy Flow Diagram of the Supply System for Energy and Material Resources in 2012

The main conversions of energy and material resources in the Swedish society in 2012 are shown
by the exergy flow diagram in Figure 8. As discussed above, the flows of resources goes from left to
right in the diagram, i.e., from the resource base to final consumption. The diagram represents the
supply of physical resources into the society from different sectors and how these resources are being
converted into goods and services for consumption in a number of different processes. The width of
the flows is defined by their exergy content and the unit of the flows is PJ/year. The unfilled boxes
represent conversion processes of resources from one form into another and always with the efficiency
less than 1. The inaccuracies of the flows vary among the different parts. For the electricity and district
heating system the accuracy is quite high. However, for the same cannot be said regarding agriculture
and forestry with completely different conditions for obvious reasons. In order to make the diagram
less complicated only exergy flows exceeding 5 PJ/year were included but with few exceptions.

The inflows were ordered according to their origins from renewable resources such as natural
flows, e.g., sunlight and wind, and flows from fund resources, e.g., biomass and hydro, to
non-renewable resources or flows from deposit resources, e.g., nuclear and fossil fuels. Even though
the sunlight was far less than 5 PJ/year, it is made visible in order to show the direct use of a renewable
natural flow. Wind power increase year by year and recently reached well over 5 PJ annually. Both
the use of sunlight and wind is increasing. Harvested forests, agricultural crops and hydropower
are renewable exergy flows deriving from funds founded on the renewable natural flow of sunlight.
Municipal solid waste is classified as a renewable resource since it mainly originates from biomass.
However, municipal solid waste also contains non-renewable resources or non-biogenic matter. In 2012
the Swedish household waste amounted to 4.4 Mton or about 1 kg per capita per day, of which 32%
went to material recycling, 15% to biological treatment, 52% to energy recovery, and less than 1% to
landfill [48]. Household waste was also imported to Sweden for energy recovery, standing for nearly
54 PJ or 12% of the total energy for generating both electricity and heat in 2012 [49]. Iron ore, nuclear
fuels and fossil fuels are classified as non-renewable exergy flows from deposits, which are both
exhaustible and carrier of toxic substances.



Energies 2016, 9, 707 12 of 16

SUNLIGHT — HEAT —

LWIND. passive solarheat \

I WOOD, PULP & PAPER

R
E = ,
orestindustry
> .“ o |
0 O
g -
U N
R agriculture and S
foodindustry o
C I LIGHTETC | T
E r home&office M
P
= T
industry I
CHEMICALS 0
p HEAT mineral products N
MUNICIPAL SOLID WASTE ermal powerplansts ORES&STEEL
B ORES&SCRAPIRON ) o~
X TRANSPORTS
ES] car;,"bqses, trucks
refineries 2N e
foreign shipping & aviation irﬁstry R
HEAT

Toopy I

homes &Public premises

Figure 8. Exergy flow diagram of the Swedish society in 2012. Total input about 2700 PJ or 280
GJ/capita, net output about 530 PJ] or 55 GJ/ capita.

The resources actually demanded in the society appear as outflows on the right hand side of the
diagram. The demand for non-renewable resources was very high in the transport section due to the
dominating dependence on petrol and diesel. This dependence will likely remain for many years to
come or until renewable transportation systems will be available and affordable.

During 2012 the total inflow of resources accounted to about 2700 PJ or 280 GJ/capita and the net
output were 530 PJ or 55 GJ/capita. Thus, the overall efficiency of the supply sector can be estimated
to about 20%. Some sectors have a much lower efficiency; especially sectors with extremely poor
utilization of incoming exergy, such as food producing sector, transport sector and sectors with high
exergy inputs in addition to low exergy needs, e.g., space heating.

6. Comparison with Other Studies

Exergy flow diagrams from a number of previous studies, from several countries are available,
for example Sweden, Ghana, Japan, Italy and Norway. Due to differences in the classification of data
in the original databases, the results are not entirely comparable. However, this does not interfere with
the main conclusions drawn from this comparison. Table 4 shows the resource input, output, overall
efficiency, and the renewable share of total resource use for this and some early studies. Only studies
that cover both energy and material resources are considered. Overall efficiency is the part of the
primary resource that reaches the end user. The renewable share is defined as the fraction of the
total resource input that originates from renewable resources. This renewable share together with the
overall efficiency offers an indicator of sustainability [1].
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Table 4. Exergy conversion in Sweden and other countries.

Year Input/Capita Output/Capita Overall Efficiency = Renewable Share
(GJ/Capita) (GJ/Capita) (%) (%)
Sweden
1920 [50] 180 40 22 -
1975 [3] 300 55 18 -
1980 [4] 305 60 20 42
1994 [7,51] 310 43 14 32
2012 280 55 20 47
Other Countries
Japan 1985 [5] 150 31 21 5
Italy 1990 [6] 140 25 18 10
Norway 1995 [18] 278 68 24 63
China 2000 [52] 51 10 20 39

Compared to previous studies for Sweden [3,4,50,51] wind power and municipal solid waste now
appear in the resource base. The overall efficiency is more or less the same, but the renewable share
has increased from 32% to 47% in 2012.

In a strict physical sense some societies seems more efficient than others, however in a wider
perspective a society cannot be simplified like this [25]. Still, exergy analysis can be used in order
to better understand the quality of and degradation of physical resources in the society at all levels.
The overall efficiency varies from 14% for Sweden 1994 to 24% for Norway 1995.

Norway, the land of fjords, has a higher renewable share since more than 90% of the electricity
comes from hydro. China has a higher renewable share than expected due to a large amount of
resources from agricultural yields and biomass (straw and firewood). If material use was excluded,
the renewable share for China will decrease to 20% [53]. Japan and Italy have lower renewable shares
since more than half of the incoming exergy are fossil fuels used for transports and heating.

7. Discussion

7.1. Renewable Exerqy Share

From about 1985 the total exergy use, the production of electricity, and the resource use in all
sectors of the society has been more or less constant. The only main change since 1970 is the phase
out of fossil fuels in favor of electricity from nuclear power for space heating purposes. Since 1985
about half of the electricity production originates from nuclear power. Electricity from hydro power
and conventional thermal power has been more or less constant for the last decade. Thermal power
plants have a significant contribution to the end use, however, with heavy exergy losses. Wind power
is increasing a lot in the new millennium and will continue to grow. Sweden has almost completely
managed to redirect the district heating supply system away from fossil fuels.

The residential and service sector in many societies represents a major sector of exergy destruction
from poor conversion efficiency and heavy use of fossil fuels. However, in this sector the use of fossil
fuel has decreased from over 400 PJ in 1970 to about 50 PJ today. The transportation sector is still
heavily depending on fossil fuels, which indicate that a renewable transportation system will be a
major topic for the future. The industry sector has reduced its use of fossil fuels from about 300 PJ in
1970 to about 100 PJ annually, mainly by introducing electricity from nuclear power and biofuels.

7.2. Exergy Efficiency

The exergy flow diagram of the Swedish district heating system reveals extremely poor utilization
of energy resources. While the inflow of resource is about 226 PJ, only about one third of 36 PJ
remains in the final use as space heat or a comfortable indoor climate. This indicates a need for large
improvements and savings. The same is true for the total exergy flow diagram for Sweden and
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specifically in the production of food, transports, and low temperature heat. All these sectors show
an efficiency of about 10% or less. It is also of importance to check the net utilization from the exergy
flow diagram when a resource is converted in several steps before it reaches final consumption. This is
the case for nuclear fuel used for space heating by electric heaters, i.e., generating heat from electric
short circuiting. The exergy flow diagram in Figures 2 and 8 show that the net efficiency becomes
about 1.5% or about 30% times 5%, see Table 1. In addition nuclear power in Sweden only extracts
about 1.5% of the available exergy in the nuclear fuel due to physical limitations in the nuclear process
from light water reactor technology. This, however, cannot be seen from this exergy flow diagram.
The potentially available exergy of the nuclear fuel is about 60 times larger than the depicted flow of
nuclear fuel in Figure 8, which makes it impossible to add this to the exergy flow diagram in this case.
Thus, when nuclear fuel is used in a light water reactor to produce electricity that is later converted to
space heat in electrical resistors, the net utilization of exergy is about 0.02%.

7.3. Possible Improvement

The accuracy in this study varies due to limitations in available statistical data. The comparison
with different countries must be done with caution due to differences in data structure and classification.
Accuracy can be improved with better statistics and a common data structure and classification.

In this analysis the final utilization of exergy by end user was excluded except for some minor
comments in Section 3.2 on district heat. However, in order to improve the exergy efficiency in
a society this must include also the end users as well as a careful analysis of their actual need or
purpose. Electricity delivered to household is often used for lighting, cooking, heating, cooling, and
electric equipment with poor exergy efficiency. Thus, most of the delivered exergy is destroyed in poor
conversion processes. By using low exergy renewable energy resources, such as geothermal and solar
thermal energy for heating purpose exergy efficiency will increase. Also by adopting economizing and
conservational methods the need can be reduced considerably. Better planning of the transportation
and distribution of goods and people could probably save both resources and time. Efficiency may
also be improved by looking closer into each process since this may disclose inefficient sub processes.

8. Concluding Remarks

By applying exergy to the Swedish resource supply system for the period 1970-2013 and by
drawing exergy flow diagrams the development of sustainability can be evaluated with respect to
efficiency and renewable share. Exergy analysis offers detailed and valuable information.

Sweden has successfully phased out fossil fuels in district heating production. Even though
electricity from wind and solar have increased, still half of the electricity comes from nuclear power.

The transport sector has the highest non-renewable share in Sweden. The renewable share has
increased in all sectors with the support of electricity certificate and other policies. However, district
heat has a low exergy share of the supply due to its heat at relatively low temperature.

In 2012, the total exergy input of energy and material resources amounts to about 2700 PJ of which
about 530 PJ was consumed by the final user. The renewable share in the Swedish society has increased
from 42% to 47%, however, the overall efficiency has not improved.

Among the available studies for different countries Norway has the highest renewable share and
Japan has the lowest. The overall efficiencies for most countries were about 20%. A more exergy efficient
technology and a higher renewable share together with more focus on economizing, conservation and
better planning are needed in order to become a more sustainable society.
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