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Abstract

In the search for renewable energy sources, solar energy appears, among others, as a powerful al-
ternative; mainly for those countries located at Earth’s equatorial region. This is the case of a
Fresnel device that uses solar radiation to warm-up the air; for instance, within saunas. Authors
coined the term sustainable technological innovation to refer to a technological innovation in ac-
cordance to the principles of sustainability. The object of this research was comparing the sustai-
nability of a Fresnel Lens Solar Concentration (FLSC) against the sustainability of other twelve al-
ternatives to generate heat. This article assesses the sustainability of fourteen technological op-
tions for heat generation and transfer to saunas in the northwest region of Mexico where temper-
atures often reach above 45 C and where there is a greater potential for exploiting solar energy.
Emergy accounting, economic analysis, and global warming potential are the three indicators con-
sidered in quantifying sustainability. Results show that infrared ceramic photovoltaic, infrared
carbon photovoltaic and infrared metal photovoltaic are the most sustainable systems. The Fres-
nel device reached the fourth and tenth position, using electricity from photovoltaic and from grid
respectively, among all fourteen assessed devices, respectively. Although Fresnel equipment does
not release any global warming gases into the atmosphere, or even it demands low amount of non-
renewable resources, 1.40 and 4.47 E17 se]g/yr. it requires high economic investment, 20,800 and
79,600 USD/yr, for the implementation and operation phases, which decrease its sustainability
performance compared to twelve other evaluated devices.
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1. Introduction

Sustainable development is a very broad term often used which refers to current global issues such as excessive
population growth, increasing regional famine, social inequality, water and energy, climate change and natural
resources depletion [1]. Although this term was coined long time ago in 1987 [2], there is still a lot of debate
about its real meaning [3].

Taking into account that sustainable development is based on social, economic and environmental pillars [4],
which may lead toward a human development in a responsible manner [5]; energy must undoubtedly be one of
its main questions. In fact, ensuring energy supply without the resulting environmental impacts is one of the
greatest challenges in this century [6].

A secure, reliable, affordable, clean and socially energy supply is necessary to an economic growth and hu-
man development [7]. However, most of the energy used nowadays is generated from non-renewable sources;
by 2012, renewable energy constituted only 21% of the worldwide energy, although it is expected to increase to
33% by 2040 [8], [9]. Particularly in the case of Mexico, electricity generation relies heavily on the combustion
of fossil fuels, 96% [10].

Renewable energy comes from sources that can be naturally replenished, this has a considerably lower impact
on matters such as resource depletion and emissions when compared to traditional energy generation and con-
sumption methodologies [11].

Solar energy has a huge potential to be used by society, since all energy available for use on Earth is direct or
indirectly related to the sun [12]. This is particularly suitable along the Earth’s Sunbelt close to the Earth’s
thermal equatorial region, which covers a vast amount of developing countries in central Africa and America
[13], [24].

The potential of the solar energy systems has opened new markets for sustainable entrepreneurs that seek to
develop environmental sound technologies and with this, the emergence of solar technologies that are usually
driven by technological innovations. Technological innovation refers to changes in the functionalities of the
product; often, the change is not observable because it is internal to the product form [15]. However, they can be
an efficient means of avoiding the pollution associated with conventional energy generation processes [16].

In many cases, sustainability is the mother lode of technological innovation [5]. This type of innovation can
be radical, at new product level, or incremental and process oriented [17]. Often, radical innovation occurs be-
fore incremental and process oriented innovation; this happened with solar concentrator technology that uses
trackers with mirrors that follow the sun’s path and concentrate its heat. Actually, the most utilized technologi-
cal approaches for small-scale applications are parabolic trough (PTSC) and Fresnel linear (FLSC) solar con-
centrators; PTSC has the lead on the efficiency front [18]; on the other hand, FLSC might have had other ad-
vantages in terms of mechanical difficulties and operation and maintenance expenses [19].

In any case, a sustainability appraisal system is necessary to assess its performance in each of the sustainabil-
ity dimensions [20]. The appraisal system must have precise indicators to provide operational information in or-
der to analyze trends and cause-and-effect relationships [21]. A complete quantitative assessment is necessary
when it comes to finding alternatives that bring development to a more sustainable state.

Regarding electricity generation, the green-house-gas (GHG) emissions per kWh of generated energy is con-
sidered a suitable parameter in defining the sustainability of the electricity system at different scales [22]. On the
other hand, for a more grounded sustainable assessment, environmental considerations under a unique scale of
analysis hardly will be enough to comprise all aspects related to a broader definition of sustainability [23].

As a complementary approach in quantifying electricity consumption to assess sustainability, the emergy me-
thod appears to be very useful [24]. This is grounded in thermodynamic laws and a donor side perspective in
quantifying value, which allows for taking into account natural resource use rates, efficient exploitation and
waste carrying capacity [25].

The object of this research was to compare the sustainability of a Fresnel Lens Solar Concentration (FLSC)
against the sustainability of twelve other alternatives to generate heat.

2. Methodology

The FLSC is intended to be a technological innovation within a sustainable sauna that is being built at a sport
facility located at Hermosillo, Sonora, Mexico; where temperatures often reach above 45 C and where there is a
greater potential for exploiting solar energy [26].



N. Munguia et al.

The sauna bathroom measures 2.3 by 1.8 meters with a total area of 4.15 m? and a height of 2.1 meters. The
total internal volume accounts for 8.69 m*. When in operation, the sauna is going to require a temperature of
75°C for a capacity for up eight users. Sustainability was measured by means of the emergy accounting method,
by an economic analysis, and by their global warming potential. More information on these methods is provided
on the following sections.

2.1. Case Study

The premise of innovation is reinventing the means for completion of known goals, with existing knowledge and
inputs recombined to enhance either the procedure itself or the resulting product as a new valuable output [27].
Innovation can take the form of a utility model that describes the capacity to improve a device, based on mar-
ginal modifications. Usually, utility models have the potential for industrial application [28]. In developing
countries, like Mexico, the utility model is recognized as a major constituent of environmentally related innova-
tion [29].

For the purpose of this case study, authors coined the term sustainable technological innovation (STI) to refer
to a technological innovation in accordance with the principles of sustainability. Traditionally, saunas use gas or
electricity for heat generation; therefore, the use of solar energy would be a sustainable technological innovation
(STI) that takes advantage of a renewable energy source. The main idea behind the STI is integrating the FLSC
as a subsystem to the entire ecological environment of the sauna; taking into account that the natural environ-
ment offers the conditions for the development of sports in harmony with nature [30]. Solar thermal concentra-
tion techniques at small scale have been already tested [31].

Demonstrating its technical feasibility was not enough, for that reason, it was necessary to contrast the FLSC,
in sustainability terms, against other heating alternatives. Figure 1 shows the heat sources considered in this re-
search because they are the most widely adopted and sold in the market.

2.2. A Sustainability Assessment Model

According to [33], ever since the use of thermodynamics in explaining ecosystem functioning, plenty of atten-
tion has been given to the cause-effect relation integrating input, state, and output for an evaluated system. Gen-
erally, it is an open system where only matter and energy inputs are necessary to build and sustain the system’s

Solar
Greenhouse Not evaluated
Natural
J Fireplace
(from wood) System #1

System #2, Grid

Fresnel System #3, PV

Sauna Electricity
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Figure 1. Heat source classification according to its origin, adapted from [32]. Gray rectangles indicate the alternatives
technologies assessed in this study considering their different heat sources.
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functionality, including the internal structure, towards maximizing the conversion of energy and matter inputs
into useful services and goods outputs.

The model on Figure 2 illustrates the representation of a production system, since its objective is using effi-
ciently all system inputs from renewable resources by converting them into a network that maximizes produc-
tion, which results in lower amounts of waste as output.

In relation to the “input”, the importance in quantity and quality of the resources as key elements on the sys-
tem’s development is of recognition, where the use of environmental Emergy accounting [24] is noteworthy
when compared to other approaches due to its systemic character, a donor side view in establishing value, and
the recognition of energy quality. According to [33], although not having a strong anthropocentric relation with
systems output, the use of Emergy on the “input” representation denotes a biophysical counterpart for this “out-
put”; which then stands for the importance of environmental work, true wealth, needed for human action and
acquisition of wellbeing. In this study, the non-renewable Emergy coming from economy “F” used by the sys-
tem is considered an indicator for the distance between the system itself and sustainability. It means that higher
system dependence on “F” resources translates to higher distance to sustainability, because by definition “F” re-
sources are classified as non-renewable resources.

For the “state” aspect, [34] argue that an economy’s operation is based on the conversion from resources into
goods and services useful to society; usually monetary value. Given the recognized importance and influence on
decision making, monetary cost of implementing and maintaining the functioning of studied systems is consi-
dered a measure of “state”.

As a measure of output, among several other alternatives, the global warming potential (GWP) indicator is
being widely used and recognized as important due to climate change concerns around the world. In this sense,
this work assumes that GWP is considered as representative for the “output” for the sustainability model
adopted. For this purpose, the direct emissions of CO,, CH4 and NO, are accounted for as byproducts of the
energy generation process supplying heat for the devices in Saunas.

Deeper details on the emergy accounting and economic approaches, as well as GWP indicator calculations
used in this work are presented in the following sections.

2.2.1. Emergy Accounting

Emergy Accounting evaluates the environmental performance of the system on a global scale, accounting for all
considered “free” environmental resources such as sunlight, wind, rain, soil, and the indirect environmental
support embodied in human labor and services. This methodology has been used previously for decision making
allowing efficient resource usage [35] since it considers the studied system’s energy flows [36] by integrating
both a human and natural economies [37].

The accounting is extended back in time to include the environmental work needed for resource formation,
thus emergy is a measure of the past and present environmental support to any process occurring in the bios-
phere [38]. According to the second law of classic thermodynamics, each transformation process degrades the
available potential energy while the “quality” of the remaining energy in the product is increased. Energy quality
is crucial when discussing emergy accounting, as expressed by the Emergy Intensity Values®.

Output

seJr $USD kgCOp-eq.

Figure 2. Representation for the input-state-output model of a production system. Adapted
from [34]. Legend: seJs = solar emjoules, a unit measure of emergy method; kgCO,.¢q =
kilograms of carbon dioxide equivalent, an indicator of global warming potential.

*Emergy Intensity Value (also called the Unit Emergy Value—UEV) represents all emergy used to make a unit of product. The definition of
Emergy Intensity is very similar to that of Energy Intensity (used in Energy Analysis), but Emergy Intensity accounts for more than only
market energy. One of the most important UEV is denominated Transformity, and it represents the amount of emergy that was originally
required to provide one Joule of a good or service (units in solar emjoules per joule, seJ/J). Other UEVs are: Specific Emergy (seJ/g),
Emergy per Monetary Unit (seJ/$; usually expressed as seJ/USD) and Emergy per Unit Labor (seJ/h; the amount of emergy supporting one

hour of human labor).
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Emergy accounting is organized as a top down approach. For its application, initially an energy system dia-
gram using the symbols, proposed by [24] must represent the system under study. Subsequently, all raw values
of energy and mass going into the system are multiplied by their respective emergy intensity values, resulting in
flows represented with the same unit: solar emjoules (seJ). Finally, these flows are aggregated to calculate the
emergy indices to draw conclusions about the system’s sustainability performance. Deeper understanding about
Emergy Accounting rules, meanings and calculation procedure can be found mainly at [24] and [38].

Usually, the indices considered in emergy studies, shown in Figure 3, are UEV, Renewability (%R), Emergy
Yield Ratio (EYR), Environmental Loading Ratio (ELR) and Sustainability Index (ESI), but sustainability in
this analysis was characterized by the lowest possible dependency of resources from economy, usually labeled
as non-renewable. Thus, the emergy indicator used to represent sustainability in this work is “F”, i.e. the feed-
back from economy resources representing the sum of materials, energy, services and labor used by each indi-
vidual heat supplier evaluated.

The feedback from economy indicator (“F”) was obtained by multiplying the raw data as presented in Ap-
pendix B by its respective Unit Emergy Value as presented in Appendix A and by its respective partial renewa-
bility as presented in Appendix B.

2.2.2. Economic Cost

Economic cost represents the market cost during implementation and maintenance phases for all 14 analyzed
systems during a 20-year lifetime. After elaborating a database containing the quantitative amount of materials
and services demanded for construction and maintenance of each heat system, the market values of each input
into the system boundaries were obtained from regular market for the Mexican case in 2014. The Mexican cur-
rency values, Mexican pesos, were converted to US dollars because it represents an international currency; for
this, a conversion rate of 13.10 MXN/USD was used. All economic values are presented in Appendix B.

2.2.3. Direct Emissions

Emissions can be accounted for as direct (or local) and indirect (or global), according to different scales of anal-
ysis. In this regard, see for instance [39]. For the purposes of this work, only the direct emissions are considered
to evaluate the related emissions in using a particular energy source to obtain heat within sauna. For this, the
following emission factors from [40] are considered: 1) wood and wood residuals = 1640 kgCO,/ton, 126
gCHy,/ton, and 63gN,0O/ton; 2) gas fuel = 7.76E—8 kgCO,/J, 3.94E-9 gCH,/J, and 7.89E-10 gN,O/J. To calcu-
late the global warming potential (GWP) indicators, a 100-year time interval for impacts is considered under the
following weight factors: 1) CO, = 1; 2) CH, = 25; 3) N,O = 298.

Materials Services\ Total emergy:

U=R+N+M+S

Emergy indices:

UEV = U/system output
%R=100(R+Mr+Sr)/U
EYR=U/(M+S)
ELR=(N+Mn+Sn)/(R+Mr+Sr)
ESI = EYR/ELR

renewables
from nature

Transformation
processes

Renew-
ables from
nature

— Product

Figure 3. Generic energy diagram representing all energy sources involved in the
transformation process. Symbols from [24]. Suffixes “n” and “r” stand for non-
renewable and renewable respectively, referring to the renewable and nonrenew-
able component of material and energy flows.
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2.3. Graphical Representation of Results

Aiming to improve their interpretation, results are presented on a graphical design. All fourteen systems are
plotted in the same graph, and for this, a linear normalization is considered to allow that all indicators ranges
from zero (minimum value) to one (maximum value). This is done by setting the maximum value achieved by
the highest rated system for a specific indicator to 1, while the lowest possible value is set to 0. Then, a linear
proportion is used for all others indicators to make them comparable. The approach chosen provides two impor-
tant pieces of information: 1) the hierarchy from better to worst system performance according to the three indi-
cators of sustainability considered in this work; 2) the area obtained for each system by taking into account all
three indicators represents the overall sustainability of that system, where a large area indicates worst compara-
ble performance.

3. Results and Discussion

The energy diagrams of Figure 4 and Figure 5 show, through the use of a systemic perspective, all material and
energy system’s inputs, internal relations, as well as the air heating outputs for the evaluated saunas. Due to si-
milarity between some systems functioning, two representative diagrams were drawn by merging the electric
heat source alternatives, including Fresnel, infrared ceramic, metal, carbon, and heater, in one diagram, while
the other one represents firewood, pellets and gas technological options. The energy diagrams are representative
models of reality as interpreted by the authors. One objective for these energy diagrams is to allow the reader a
large-scale view, which can be considered useful to better understand the system’s functioning and potentials for
improvement. Through these diagrams, both analysts and readers can understand the needed embodied energy
by the systems to produce a good or service, even recognizing the importance of the so-called hidden energy
flows that are usually disregarded from several sustainability analyses due to methodological constraints or also
due to a lack of large-scale comprehension about the worldwide energy relationship.

Both energy diagrams provide information regarding the demand for external resources (indicated by circle
components) and labor. Additionally, it can be seen how these external resources interact within systems boun-
daries to produce a good or service, which are the warmed air to sauna and the sub-products as waste and emis-
sions.

After understanding the systems functioning including their dependence on external resources as well as their
internal framework, the three methodologies considered in this work as representative of sustainability were ap-
plied. Table 1 shows the three indicators obtained for the all fourteen assessed saunas heat sources. A high
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Mirror,
copper,
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Figure 4. Energy diagram of electric alternatives for heat source. It includes Fresnel,
infrared ceramic, metal, carbon and heater evaluated systems as previously shown in

Figure 1.
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Figure 5. Energy diagram of heat sources from natural gas and vegetal biomass burning. It
includes heater (firewood, pellets, and gas) and fireplace from wood, as previously shown
in Figure 1.

Table 1. Emergy, economic and emission flow analyses for the fourteen assessed heat suppliers. Values correspond to a 20-
year lifetime per heater, including implementation and operation phases.

Emergy from economic resources Global warming potential

System “E” in E17 sedelyr.® Economic costs in USD/yr.” in ton COuq/yr.*

#1 Fireplace from wood 9.74 105,000 1880
#2 Fresnel grid 4.47 79,600 0
#3 Fresnel phot. 1.40 20,800 0
#4 Infrared ceramic grid 5.75 44,100 0
#5 Infrared ceramic phot. 1.59 5420 0
#6 Infrared metal grid 5.76 44,100 0
#7 Infrared metal phot. 1.60 5420 0
#8 Infrared carbon grid 5.57 44,100 0
#9 Infrared carbon phot. 1.59 5420 0
#10 Heater firewood 19.00 57,300 831
#11 Heater pellet 6.14 25,600 23
#12 Heater gas 257.00 46,300 16,900
#13 Heater grid 18.30 204,000 0
#14 Heater phot. 6.71 78,900 0

phot. = electricity from photovoltaic panels; *seJg/yr = (numbers from category column in Appendix B) x (UEVs presented in Appendix A) x (1-Par-
tial renewability); "Economic costs available at Appendix B; GWP calculated by using raw data of Appendix B and coefficients presented in the pre-

viously “2.2.3. Direct emissions” section.
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amount of non-renewable resources “F” is demanded by system #12 gas heater (257.00 E17 seJg/yr), which
represents about 10 times that of the second worst performance obtained by system #10 firewood heater (19.00
E17 seJelyr), followed by system #13 heater grid (18.30 E17 seJg/yr). This is a very interesting result because it
was not expected since the economic cost of heater gas and firewood are not the most expensive devices. On the
other hand, as emergy methodology considers a large-scale approach in its framework calculation, it means that
both heaters (gas and firewood) demand indirectly, and usually not marketable, a large amount of global re-
sources which implies in higher emergy for them. Due to this kind of result, the use of a multi-criteria approach
instead of unique indicators to represent sustainability can be considered as more appropriate. All other systems
demand non-renewable resources ranging from 1.40 to 9.74 E17 seJF/yr, placing systems #3 Fresnel photovol-
taic, #5 infrared ceramic photovoltaic and #7 infrared metal photovoltaic as the best performers for this particu-
lar sustainability indicator.

Different results were obtained when considering economic costs, in which case the worst performance was
obtained by systems #13 heater grid with 204,000 USD/yr, followed by systems #1 fireplace from wood, #2
Fresnel grid, and #14 photovoltaic heater. For all other systems, the economic cost ranges from about 5,000 to
57,000 USD/yr, in which systems #5 infrared ceramic photovoltaic and #9 infrared carbon photovoltaic have the
best overall performance with 5420 USD/yr.

Under this criterion, currency, only those resources that have market value are accounted for and valuated
under an anthropocentric approach as willing-to-pay. Thus, free-of-charge resources are disregarded in the
evaluation, and some are undervalued compared to an emergy perspective. For example, while natural gas or
wood energy can reach high values under an emergy view, i.e. high transformity, their market value can be seen
as low due to governmental subsidies. Emergy method does not allow this kind of subjectivity. Due to this main
difference in the scientific bases for both metrics, results are also different when comparing economic versus
emergy methods.

The third sustainability indicator considered in this work expressed by Global Warming Potential (GWP)
showed that systems from #2 to 9, #13 and #14 are not CO, emitters—at least not at local scale as considered in
this work—, thus those systems have the best performance for GWP. This behavior was already expected since
the energy source supporting these systems comes from electricity (grid or photovoltaic) and not from burning
vegetal biomass or fossil fuel—natural gas in this case. The worst performance was obtained by systems #12 gas
heater with 16,900 tonCO,..q/yr with considerable lead, followed by systems #1 fireplace from wood (1880
tonCOy.¢q/yr), #10 firewood heater (831 tonCO,.¢q/yr) and #11 pellet heater (23 tonCO,.qq/yr).

It is interesting to highlight that, according to Table 1, systems #5 infrared ceramic photovoltaic, #9 infrared
carbon photovoltaic, and #7 infrared metal photovoltaic have the best performance for all three indicators of
sustainability considered in this work, resulting in the first position for them regarding sustainability when com-
paring all the fourteen systems evaluated. This is graphically expressed by Figure 6, which shows a normaliza-
tion of all indicators provided in Table 1 for all fourteen analyzed systems. In this figure, systems are positioned
in a sequence from better to worst general performances, where a larger area means worst overall performance
considering all three indicators of sustainability at the same time. System #12 gas heater had the largest area and
consequently the worst sustainability performance compared to all other systems. This occurs because, although
system #12 has a moderate economic cost (46,300 USD/yr; occupying the ninth position among all systems), it
has by far the highest GWP and dependence on non-renewable resources.

It is recognized that a sustainability assessment could include several other indicators under different scales
and time approach aiming towards a multi-criteria perspective. However, the conceptual model considered in
this work covers important biophysical and economic aspects strongly related to sustainability assessments,
mainly for case studies under a very small-scale of attention as those ones evaluated in this work. Changes in the
result data treatment from a linear normalization to a pondered scheme could be done to allow other interpreta-
tions.

Another interpretation on results could modify the performance outcome for each heating supply system;
however, a subjective aspect would appear in weighting indicators, which is a non-recommended approach by
several life cycle assessment analysts. As elicited by Figure 6, the differences between the acclaimed top per-
formers are virtually negligible. In this sense, beyond showing the systems with better performance, results
showed that systems #12 and #13, gas and grid heaters, had so far the worst performance for sustainability
among the fourteen heat sources considered, thus both should not be chosen for future projects in Saunas.
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Figure 6. Graphical representation in decreasing sequence of sustainability performance for the fourteen heat generation
systems studied. Larger area means lower sustainability according to the evaluation criteria used in this work.

4. Conclusions

Considering the methodological approaches and assumptions made in this work, the following conclusions can
be drawn:

1) The evaluated systems #5, #9, and #7, infrared ceramic photovoltaic, infrared carbon photovoltaic, and
infrared metal photovoltaic, can be considered the most sustainable among all fourteen heat sources evaluated in
this work, because they had the lowest economic cost, 5420 USD/yr, the absence of gas emissions causing glob-
al warming potential, and they demanded lower amount of non-renewable resources for their implementation
and functioning, 1.59E17 seJg/yr;

2) The Fresnel equipment, originally alleged to be the most sustainable one, reached the fourth and tenth posi-
tions, for electricity from photovoltaic and grid, systems #3 and #2 respectively, on the established sustainability
hierarchy among all heat sources evaluated. Neither the absence of global warming potential nor their compara-
tive low demand for non-renewable resources, 1.40 and 4.47 E17 seJg/yr, was able to classify them as the best
systems, because they require high investment and maintenance economic costs, 20,800 and 79,600 USD/yr re-
spectively.
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Appendix A. Unit Emergy Values (UEV) considered in this work. Source: Own elaboration, adapted from various sources.
[24] [41]-[49].

Category and Item Unit seJ/Unit
Materials
Wiring (copper) g 1.14E11
Plastic g 9.86E9
Circuit (copper) g 1.14E11
Electricity J 2.90E5
Reflector frame g 4.65E9
Ceramic far infrared emitter g 5,14E9
Metal far infrared emitter g 4.65E9
Carbon far infrared emitter g 4.65E9
Steel structure g 2.77E9
Pipeline (steel) g 2.77E9
Pipeline (copper) g 1.14E11
Mirror glass g 1.32E10
Aluminum g 2.74E10
Aluminum concentrator g 4.65E9
Blowers g 4.65E9
Clay brick g 3.90E9
Cement g 6.40E7
Steel bars g 2.77E9
Wood pellets g 1.48E9
Wood g 6.79E8
Sauna stones g 1.00E9
Water m® 2.25E11
Natural gas J 1.18E5
Gas tank (steel) g 2.77E9
Energy generation equipment [s} 1.90E11
Labor
Installation hr 2.14E13
Operation hr 2.14E13
Maintenance hr 2.14E13
Services
Materials cost usb 4.90E12
Installation usD 4.90E12
Operation Usb 4.90E12
Maintenance usD 4.90E12
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Appendix B. Raw data for all 14 saunas assessed considering a 20-year lifetime. Source: Own elaboration.

General observations: 1) renewable resources “R” are water, rocks, and wool; all other items were assumed as economic re-
sources “F”; none natural non-renewable resources “N” were identified in this study; 2) Services and labor have 2% of par-
tial renewability (NEAD for Mexico in 2008); 3) Electricity has 8.8% partial renewability according to [43]; 4) Electricity
from photovoltaic panel has 2% partial renewability according to Paoli et al. (2008); 5) by definition, all other “R” resources
have 100% of renewability; 6) all other “F” resources have 0% of partial renewability.

Cspryamatem  w e e R
Materials
Wiring (cooper) g - 2.14E1 2.14E1 1.43E2
Plastic g - 2.18E2 2.18E2 2.18E2
Circuit (cooper) g - 5.08E2 5.08E2 5.08E2
Electricity J - 1.46E11 1.46E11 1.30E12
Reflector frame g - - - 4.19E5
Ceramic far infrared emitter g - - - 4.80E5
Metal far infrared emitter g - - - -
Carbon far infrared emitter g - - - -
Steel structure g - 5.00E3 5.00E3 -
Pipeline (steel)
Pipeline (cooper) g - 7.13E3 7.13E3 -
Mirror glass g - 5.00E3 5.00E3 -
Aluminum [s} - 1.00E2 1.00E2 -
Aluminum concentrator g - 2.50E3 2.50E3 -
Blowers g - 2.00E2 2.00E2 -
Clay brick g 2.10E5 - - -
Cement [s} 8.65E5 - - -
Steel bars g 1.01E3 - - -
Wood pellets g - - - -
Wood g 1.13E9 - - -
Sauna stones g 1.20E5 1.20E5 1.20E5 -
Water m® 9.12E1 9.12E1 9.12E1 -
Natural gas J - - - -
Gas tank (steel) g - - - -
Energy generat. equipment g - - - -
Labor
Installation hr 8.00E0 3.00E0 3.00E0 2.40E1
Operation hr 1.12E4 1.12E3 1.12E3 5.60E2
Maintenance hr 1.12E4 1.20E2 1.20E2 1.20E2
Services
Materials cost usbD 9.05E4 7.61E4 2.00E4 4.37E4
Installation usbD 5.12E0 1.92E0 1.92E0 154E1
Operation uUsb 7.16E3 7.17E2 7.17E2 3.58E2
Maintenance usb 7.16E3 7.68E1 7.68E1 7.68E1
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Infrared ceramic

Infrared metal

Infrared metal

Infrared carbon

(CaliEgrn) e i Ll (photovoltaic) (grid) (photovoltaic) (grid)
Materials
Wiring (cooper) g 1.43E2 1.43E2 1.43E2 1.43E2
Plastic g 2.18E2 2.18E2 2.18E2 2.18E2
Circuit (cooper) g 5.08E2 5.08E2 5.08E2 5.08E2
Electricity J 1.30E12 1.30E12 1.30E12 1.30E12
Reflector frame g 4.19E5 4.19E5 4.19E5 4.19E5
Ceramic far infrared emitter g 4.80E5 - - -
Metal far infrared emitter g - 8.00E5 8.00E5 -
Carbon far infrared emitter g - - - 6.00E5
Steel structure g - - - -
Pipeline (steel) g
Pipeline (cooper) g - - - -
Mirror glass g - - - -
Aluminum g - - - -
Aluminum concentrator g - - - -
Blowers g - - - -
Clay brick g - - - -
Cement g - - - -
Steel bars g - - - -
Wood pellets
Wood g - - - -
Sauna stones g - - - -
Water m? - - - -
Natural gas J - - - -
Gas tank (steel) g - - - -
Energy generat. equipment g - - - -
Labor
Installation hr 2.40E1 2.40E1 2.40E1 2.40E1
Operation hr 5.60E2 5.60E2 5.60E2 5.60E2
Maintenance hr 1.20E2 1.20E2 1.20E2 1.20E2
Services
Materials cost UsbD 4.97E3 4.37E4 4.37E4 4.37E4
Installation usb 1.54E1 1.54E1 1.54E1 1.54E1
Operation usb 3.58E2 3.58E2 3.58E2 3.58E2
Maintenance usD 7.68E1 7.68E1 7.68E1 7.68E1
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Category and Item Unit I?;L%rt%%gﬁ;?sn (fi|_r|:;?ltaeze) Heater (pellets) Heater (gas)
Materials
Wiring (cooper) g 1.43E2 - - -
Plastic g 2.18E2 3.00E4 2.18E2 2.18E2
Circuit (cooper) g 5.08E2 1.14E5 5.08E2 5.08E2
Electricity J 1.30E12 - - -
Reflector frame g 4.19E5 - - -
Ceramic far infrared emitter g - - - -
Metal far infrared emitter g - - - -
Carbon far infrared emitter g 6.00E5 - - -
Steel structure g - 3.00E4 3.00E4 1.30E6
Pipeline (steel) g - 1.14E5 1.14E5 1.14E5
Pipeline (cooper) g - - - 3.76E3
Mirror glass g - - - -
Aluminum g - - - -
Aluminum concentrator g - - - -
Blowers g - - - -
Clay brick g - - - -
Cement [o} - - - -
Steel bars g - - - -
Wood pellets g - 1.40E7 -
Wood g - 5.08E2 - -
Sauna stones g - 1.20E5 1.20E5 1.20E5
Water m? - 9.12E1 9.12E1 9.12E1
Natural gas J - - - 2.17E14
Gas tank (steel) g - - - 4.42E6
Energy generat. equipment g - - - -
Labor
Installation hr 2.40E1 3.00E0 3.00E0 3.00E0
Operation hr 5.60E2 1.12E4 1.12E4 2.80E1
Maintenance hr 1.20E2 1.12E4 1.12E4 6.00E0
Services
Materials cost UsD 4.97E3 4.30E4 1.13E4 4.63E4
Installation USD 1.54E1 1.92E0 1.92E0 1.92E0
Operation uUsb 3.58E2 7.17E3 7.17E3 1.79E1
Maintenance usD 7.68E1 7.17E3 7.17E3 3.84E0
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Category and Item Unit Heater (grid) (ph(iz?/gel:aic) -
Materials
Wiring (cooper) g 6.42E0 6.42E0 -
Plastic g 4.35E2 2.18E2 -
Circuit (cooper) g 1.02E3 5.08E2 -
Electricity J 3.15E12 3.15E12 -
Reflector frame g - - -
Ceramic far infrared emitter g - - -
Metal far infrared emitter g - - -
Carbon far infrared emitter g - - -
Steel structure g 8.27E3 4.14E3
Pipeline (steel) g - - -
Pipeline (cooper) g - - -
Mirror glass g - - -
Aluminum g - - _
Aluminum concentrator g - - -
Blowers g - - -
Clay brick g - - _
Cement g - - i,
Steel bars g - - -
Wood pellets g - - -
Wood g - - -
Sauna stones g 1.20E5 1.20E5 -
Water m® 9.12E1 9.12E1 -
Natural gas J - - -
Gas tank (steel) g - - -
Energy generat. equipment g 1.93E4 9.56E3 -
Labor
Installation hr 3.00E0 3.00E0 -
Operation hr 5.60E2 5.60E2 -
Maintenance hr 1.20E2 1.20E2 -
Services
Materials cost usbD 2.03E5 7.85E4 -
Installation usbD 1.92E0 1.92E0 -
Operation usD 3.58E2 3.58E2 -
Maintenance usD 7.68E1 7.68E1 -
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