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Abstract: Energy Sustainability has been addressed through advancing technology efficiency, which
may increase the impact of the use of natural resources. However, the increase in efficiency makes
services cheaper, which causes a rebound effect, direct or indirect, on energy consumption and
materials. Moreover, the popular concept of recycling seems insufficient to reduce the use of critical
raw materials to provide energy services. From the perspective of the Earth’s limited resources, the
sustainability problem needs a design approach to tackle the rebound effect from efficiency. This
work aims to create a theoretical holistic review regarding energy use linked to technology efficiency,
to understand how rebound effects may be prevented. In this work, the Axiomatic Design (AD)
theory creates the framework that defines the Energy Sustainability functions and identifies the
couplings that create the rebounds. According to AD, cycles occur on coupled designs, classified as
poor designs. Decoupling the design clarifies two possible and complementary policies to achieve
sustainability goals regarding the use of resources. The first is the circular economy, with constraints
on energy and raw materials. The second is the massive use of local renewable energies. Plausible
solutions come from mandating efficiency and taxation, dematerializing the economy, and reducing,
reusing, remanufacturing, and recycling materials from products and systems. These solutions impact
economic, environmental, and societal behaviors. The novelty of this approach is the definition of a
system model for Energy Sustainability in the frame of AD, while tackling the rebound effect from
technological efficiency.

Keywords: energy efficiency; rebound effect; circular economy; energy sufficiency; Axiomatic Design

1. Introduction

The fundamental concepts of sustainability come from three milestones: the Daly
approach to steady-state economy (1977—1st edition) [1], the Brundtland report (1987)
“Our Common Future” [2], and Leonard Brooks’ (2000) [3] emphasis on the concept of
energy rebound.

The steady-state economy (SSE) introduces limits for the economy. Instead of agreeing
that using resources is always possible, SSE asks for the definition of limits for the environ-
ment, raw materials included. Natural sciences have constraints, and ethics and religions
limit manners. Oddly, the economy seems able to use resources indefinitely. According to
SSE, the sustainability models need to start by evaluating the available resources before
allocating and distributing them. SSE does not mean a non-growing economy but imposes
the constraint that the economy cannot change the hearth equilibrium of thermal energy
and materials [1].
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The three dimensions of sustainability are social, economic, and environmental. The
Brundtland report put together the environment and the “economic and social progress” in
the political agenda. Later, these dimensions were reinforced by the Rio report (1992).

Energy efficiency (EE) was declared in “Our Common Future” as the “cutting edge”
for sustainable policies. For decades, states have focused on EE as a soft tool to achieve
sustainability. However, the report correctly pointed out that EE was a way to “buy
time” until renewable energies could be the “global energy structure” [2]. Common sense
suggests that the increase in EE reduces resource consumption. However, by increasing
efficiency, the marginal cost of the service decreases, therefore lowering the energy cost.
A lower price raises the customer’s energy use. The circular effect that takes back part of
the expected benefit is called the rebound effect. It happens due to the coupling between
variables, energy efficiency, and energy use in the mentioned issue.

Leonard Brooks presented this concept in the UK Parliament in 2005, named “energy
efficiency fallacies”. He first published the idea in 2000 [3], including energy efficiency
in the more general concept of economic efficiency. Later, he improved the readability of
his ideas with math and graphs [4]. However, the rebound effect was first stated in the
nineteenth century by William Jevons. He declared that the improvement in the technology
of the steam machine led to a global increase in the consumption of coal. It was called the
“Jevons paradox” [5].

Similarly, Crafts [6] showed that the rise in technology efficiency during the 18th and
19th centuries decreased the cost of steam, making it more available. Thus, many empiric
examples show that the rebound effect increases the consumption of resources. A historical
evaluation regarding materials, freight, and energy services reveals that a rise in efficiency
overcame the growth of materials in some periods. It supports that “efficiency mandates
and price pressure” may reduce the use of resources [7]. The rebound effect can be as large
as 20 to 30% regarding energy for space heating [8]. The question is does energy efficiency
reduce energy use? The answer seems to be a resounding “no”.

Gross Domestic Product (GDP) growth depends on energy on a 1 to 0.75% rule. Thus,
the increase in GDP releases carbon dioxide into the atmosphere. Therefore, the energy
and price of products should reflect “all costs including pollution costs” [9]. The solution
might be using renewable energies and increasing energy prices if necessary. Moreover,
it is necessary to remove energy barriers to allow EE to rise to its physical ceiling. Both
solutions impact the socio-technical system, so human behavior needs to be considered [9].

Sustainable models need to start with designing public policies, companies and value
chains, and commercial and domestic buildings. Design for sustainability might address
“strategical, tactical and operational” levels. However, the literature has no consensus on
principles to follow, strategies to apply, or how to achieve this [10].

Technology is essential for different energy strategies to achieve “net-zero” emissions.
Heat can be electrified through heat pumps, needs for heat reduced by insulation, and
heat networks can be implemented in regions where heat is a significant need. Moreover,
gas networks can be partially decarbonized using bio-methane or green hydrogen. The
energy supply in 2050 may be lower than in 2015 because the electricity supply will come
primarily from photovoltaic (PV), wind, and combined heat and power plants [11].

However, analysis of the sustainability achieved through technological evolution
seldom considers the change of equipment and the resources embodied in its manufactur-
ing, transportation, and installation. These values do not consider the energy use of raw
materials. Nevertheless, in the last 50 years, the overall energy consumption in residential
buildings of EU-15 remained constant (231 Mtoe in 1995 and 234 Mtoe in 2017, peaking at
267 Mtoe in 2010), despite doubling the EE due to efficiency policies [12].

The Energy Performance Building Directive (EPBD-2010) recast moved to increase
the overall performance of buildings [12]. All new EU designs of buildings should aim
to be nearly zero-energy buildings (nZEB) from 2020. Energy will be produced locally by
renewable sources, limited by available renewable sources, turning EE into a local and
decisive role regarding sufficiency.
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The 2018 EPDB recast focuses on cost-effective measures of EE in a life cycle assessment.
It aims to reach, in this decade, zero-emission buildings, focusing on decarbonization [13].
The strategies for energy reduction in office buildings have to consider passive and active
measures. Some simple measures may have a substantial impact on energy use. LED
lighting with control and window films to reduce entering radiation can have paybacks of
2.5 years in educational institutions in hot countries [14].

Moreover, the renovation of the building stock might consider climate change and
local renewable energy availability, which requires substantial financial support. The
refurbishing of office buildings should first use highly efficient internal loads and passive
measures. Thus, local PV production can produce sufficient energy, depending on the
available area. A PV area of 20% of the floor area is enough for a nearly zero condition of
100 kW-h/m?2/ y from the grid in a warm-temperate subtropical climate [15]. nZEB is an
excellent example of how to handle sustainability.

Furthermore, humanity is achieving a constant improvement in classic technologies.
For example, diesel technologies can use biodiesel and reduce particles and pollution
with nanofluid additives [16]. Moreover, diesel engines with common rail direct injection
improve their performance by introducing ZnO nanoparticles [17].

In this paper, we refer to Energy Sustainability as the minimization of the use of
natural resources to provide energy services as demanded by any system (i.e., city, region,
or nation). According to Zell-Ziegler [18], the Energy Sustainability strategies include
energy efficiency, renewables, and energy sufficiency.

Sufficiency might be an essential element of the strategy for all sectors, including
buildings, mobility, production, and agriculture. Energy sufficiency imposes a social shift
to new low-energy services, such as cycling instead of driving. Moreover, it needs to
limit the available energy and a taxation policy. EE and working time reduction do not
necessarily lead to energy sufficiency, as persons consume more energy in their spare
time. Moreover, financial incentives of sufficiency policies have the opposite effect due to
rebounds. On the contrary, downshifting can make sufficiency possible at the cost of social
inequalities [19]. Downshifting can be reduced by implementing a circular economy (CE)
model, benefiting users while considering their habits. CE implements the 4R strategy—
reducing materials and energy, reusing products, remanufacturing parts and compounds,
and recycling waste materials [20]. CE requires closing and narrowing loops of materials.
It needs a top-down approach, starting at the design phase. The policymakers need to
change from focusing on recycling to believing that recycling is the last opportunity to put
materials in the economic cycle. The 4R can be applied at macro, mezzo, and micro levels
following the 17 Sustainable Design Goals [21]. These goals are used as indicators. Some
authors use weighted indicators to define a sustainable design. However, circular indicators
seldom represent all environmental implications and evaluate the rebound effects [22].
Most indicators regard products, components, materials, and energy but not the functions
needed to be achieved [23].

Design Science should support the new CE, integrating design from the early stages
of the design regarding organizations and products [24]. There are evaluations of materials,
products, and companies about economic and technical feasibility, environmental relevance,
and originality [25]. Circular indicators may help the design.

Axiomatic Design (AD) theory can be a fundamental piece of Design Science to address
sustainability. Erwin Rauch [26] (pp. 484-485) uses AD as a tool for the sustainability of
manufacturing enterprises and contributes to social sustainability by focusing on the
employee role. Moreover, Nam P. Suh challenges the scientific community to use AD
to solve some of the XXI century problems. It includes creating a forest in North Africa,
new renewable applications, transport with low emissions, solving the methane emission
problem, promoting seawater desalination, controlling the weather pattern, promoting
better education, improving the health system, designing a democratic government, etc. [27]
(pp. 659-680).
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Sustainability can be a working space with no rules other than its boundaries. The
so-called three bottom lines (3BL) on the environment, economy, and society have been
drawn upon in sustainability approaches. The 3BL approach works at the local or company
levels but cannot help to express a policy. The design of a mezzo or macro policy for
sustainability has to define the requirements to fulfill.

Sustainability indicators for buildings and other applications have guided the design.
Indicators may work to help the design if the design has no coupled relations between
them. Otherwise, they cannot express the effect of connected relationships.

This paper aims to help define the sustainability requirements, from the perspective of
natural resource use, and address their fulfillment within the context of energy production
and use. It explains the need to avoid rebound effects caused by couplings to achieve a good
design. A good policy design is achieved by freezing the rebounds between the variables,
efficiency, technology, and resources. AD allows one to define the model framework
and define what a good design is. The framework allows the development of policies of
member states, countries, regions, and enterprises. The ideal AD design for sustainability
corresponds to the CE and renewables policies.

The work emphasizes the following:

- In a market in equilibrium, EE is a function of the amount of the energy services
desired and consumed;

- New policies need to be implemented to reduce the depletion of resources, which
include but do not end with EE;

- Near-zero energy services and the circular economy are two complementary solutions
to achieve sustainability.

The following section presents the AD principles. Then, Section 3 shows an AD
approach to the sustainability problem. The application allows the clarification of the
definition of future energy policies. Finally, the Discussion and Conclusions explain
the suitability of the solutions in the broader geopolitical and energetical environment.
Nomenclature table in back matter shows the acronyms and descriptions to improve
paper readability.

2. The Design Theory

Professor Nam P. Suh first published AD in 1990 [28]. Axioms are truths that cannot be
proved but are self-evident. The theory accepts that there are sound principles for a design
expressed by axioms, in the same way as in Mechanics, Thermodynamics, Chemistry,
Geometry, Mathematics, and other Sciences.

AD has two axioms, the axiom of independence and the axiom of information. They
can be stated as follows:

First axiom: “Maintain the independence of functional requirements”.

Second axiom: “Minimize the information content” [28] (p. 9).

The design develops through four adjacent domains, the “Customer Domain”, “Func-
tional Domain”, “Physical Domain”, and “Process Domain”. Each domain maps into the
adjacent one. The Customer Needs (CN) are defined in the Customer Domain. It expresses
the needs or, in other words, the problem to solve. The Functional Requirements (FR)
belong to the Functional Domain and describe the problem in a neutral environment by a
reflexive verb of action and a noun. The FRs map to the Physical Domain into the Design
Parameters (DP). The set of DPs defines the physical realization of the design. Finally, if
necessary, the DPs are manufactured by PVs of the Process Domain.

A design starts with the identification of the CNs. Thus, the high-level FRs and DPs
are defined. Then, the design proceeds in an interplay between the FRs and the DPs. An FR
maps to a DP, and each DP at a certain level of decomposition maps back to the Functional
Domain to reach lower-level FRs, the children FRs. The children FRs build children DPs.
The set of children FRs exhaustively defines the parent FR in the same way that the children
DPs exhaustively describe the parent DP.
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The mentioned process of decomposition is the so-called zigzagging. At a certain level
of decomposition, the choice of any FR or DP impacts all FRs or DPs at lower levels.

Constraints (Cs) are boundaries for the choice of FRs and DPs. Constraints can be
input Cs or system Cs. Input Cs typically are weight, dimensions, cost, legal, ethical, etc.
System Cs come with the design, raised by choices of FRs and DPs.

The design equation relates the FR to DP (Equation (1)). Oddly, DPs are un-
known parameters.

{FR} = [A|{DP} M

The shape of the matrix [A], the design matrix (DM), defines the quality of the design.
If [A] is diagonal, the design is uncoupled. It is the ideal design. The design is called
decoupled if it can be reduced to a lower or upper triangular matrix. In all other cases, the
design is coupled and classified as poor.

The design with the least information should be chosen from all good designs, un-
coupled or decoupled. The design with the lowest information content has the highest
probability of success.

The probability of success varies with tolerances and causes deviations and uncertain-
ties. The differential of Equation (1) allows evaluation of the deviations similarly to other
engineering applications [29]. For three FR and three DP designs, it is possible to evaluate
the information content of the design geometrically [30]. Moreover, the Dempster-Shafer
theory can be an essential tool for evaluating uncertainty at a high level of decomposi-
tion [31].

Understanding the couplings may bring new ideas to the designers. A possible means
of decoupling is to freeze the relationships, a technique used in this work. If the design
remains coupled, it may be discharged or changed into an uncoupled or decoupled design.

It is possible to derive theorems from the axioms that help guide the design. A broad
list of theorems can be found in Complexity [32] (pp. 44-51). For the purpose of this work,
Theorems 4 and 5 are of paramount importance.

Theorem 4 states, “In an Ideal Design, the number of DPs is equal to the number of
FRs and the FRs are always maintained independent of each other”. Theorem 5 states,
“When a given set of FRs is changed by the addition of a new FR, by substitution of one
of the FRs with a new one, or by selection of an entirely different set of FRs, the design
solution given by the original DPs cannot satisfy the new set of FRs. Consequently, a new
design solution must be sought”.

To achieve Theorem 4, the DM might be diagonal. A triangular DM is acceptable as
long as the designer perceives the order of adjusting the DPs.

A young AD practitioner may find the above AD summary too challenging to follow.
They can read a detailed and comprehensive description of AD in a book recently published,
entitled Design Engineering and Science [33].

Figures 1-5 show the design equation on the left side (a) and the graph of the FRs on
the right (b). If the DM is diagonal, each FR is independent of the others. Thus, the FR
fulfillment is parallel, each DP tuning the corresponding FR.

If the DM is fully triangular, as with the one depicted on the left side of Figure 2, then
FR; precedes all others, and FR; is tuned before FRs.

Figure 3 shows a slightly different DM that allows FR; and FR; to be tuned indepen-
dently and after FR3 is fulfilled.

JPRT X JDR [FR,|— (b)
1FRZ -l X IDP2 (a)
X

DP,

FR, |—*

Figure 1. An uncoupled design—(a) the DM, (b) graph of an uncoupled design.



Sustainability 2022, 14, 6737

6 of 15

FRI] - DP, | l (b)
FR,}=|X X 1 DP, ¢ (a) | ER, [~ FR, || FR;
FRJ X X X||DP

Figure 2. A decoupled design—(a) a fully triangular DM, (b) graph of a decoupled design.

FR,] [X DP, FR, (b)
FR,}=| X |4DP,(a) FRy
FR,| |X X X| |Dp, FR,

Figure 3. A decoupled DM with independent tuning of FR; and FRy—(a) the DM, (b) graph of the
decoupled design of the equation on the left side.

PR,,I X DPTl (b)
FR,y=|X X |-{DP,}(a) | FRy || FR: [~ FR,
FRJ X X DPSJ

Figure 4. A decoupled DM with a sequence FR;, FRy, FR3—(a) DM, (b) graph of a decoupled design
expresses a sequence of fulfillment.

| (b)

J |
[iﬁ: i . § g?]() |FR, [ —{FR, | R,
2 (= ) »rla 1
1FR3 X x| |pp,

Figure 5. A coupled DM with cycle sequence—(a) the DM, (b) graph of the coupled design, showing
the cycles.

Regarding decoupled designs, Figure 4 finally shows the DM, and the graph of FRs
tuned in the sequence, FRy, FRy, FR3.

Figure 5 shows a coupled design similar to the previous example but with cycles
that link FR3 to FR; and FR;. It shows the rebound effects between the FRs, or cycles, as
depicted in the right part of Figure 5.

Because of the cross effects, coupled designs are difficult to tune. It may not be easy
to find the correct DP to satisfy an FR if it influences all other FRs. Therefore, the design
needs many iterations until a solution is found [33] (p. 377). In addition, the DM may be
stiff at any operating mode, causing the design to show unexpected behaviors.

Identifying cycles allows the raising of solutions—changing DPs, altering FRs or
ranges of FR, or simply putting together the coupling DPs in an assemblage. Graph theory
can identify rebound effects using the DM with (1) instead of X and creating the adjacency
matrix to detect the cycles [34].

Determining the coupling on EE could have anticipated some energy policies. AD
theory can help to define what Energy Sustainability is. There are many sustainability
descriptions and definitions. However, the choice of the high-level FRs creates the precise
meaning of Energy Sustainability in the context of this paper. Moreover, raising the design
equation allows for classifying the design. The DM clearly shows which cycles create the
coupling if the design is coupled. The policy creators can obtain new solutions that remove
the couplings by determining the DM.

Moreover, the DM identifies how the system works. The use of indicators (sustain-
ability, circular economy, etc.) without knowing the DM is worthless. It can be of great
help to substitute indicators by the probability of success of the system. The probability of
success can be computed if the DM is known. The probability can be very low if the design
is coupled.
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3. The Sustainability Model

There is no consensus about what sustainability means and the actions to achieve it.
However, the literature review raised some propositions.

- The world has a limited quantity of raw materials and availability of fuel;

- Energy efficiency is part of economic efficiency, and both cause rebound effects;

- The choice of technology depends on the efficiency and working hours;

- Renewables and energy electrification create an environment for a carbon-free economy;

- Sufficiency is a policy of sustainability;

- Circular economy (CE) is a tool to address sufficiency and sustainability, based on the
so-called 4R strategy—reduce, reuse, remanufacture, and recycle;

- CEhas a social impact;

- EE, renewables, and CE can be addressed at different levels—strategical, mezzo, and
micro levels.

The following subsection presents the current development model with cycle effects
that may cause rebounds. Then, two possible solutions are presented in Section 3.2 that
avoid rebounds by eliminating cycles.

3.1. Energy Sustainability—Current Model

It seems agreed that sustainability requires needs to be fulfilled in the social, economic,
and environmental fields. The so-called three bottom lines (3BL) are most likely to be
translated into CNs and FRs in the AD theory rather than into Cs.

If the 3BL are Cs, it allows a coupled design to work in the allowed region. A coupled
design may turn unstable, causing it to work outside the boundaries. Some developments
regarding EE seem to be important in the mentioned context.

This work proposes three CNs:

- CNj—Society needs for energy;
- CN;—Economic development;
- CNz—Environment protection.

Each CN maps into the Functional Domain depicted by its FR. FRs create the defi-
nition of the design. “No design is better than its FRs” is commonly stated within the
AD community.

Table 1 shows the Energy Sustainability design at the first level of decomposition. It
shows the FRs and the DPs, their designation, and symbols.

Table 1. Energy Sustainability—-FR-DP decomposition at the first level.

FR FR Name Symbol DpP DP Name Symbol
FRq Provide an energy service ES DpP; Technology T

Reduce price per energy System and equipment

Ry service unit Ui DP efficiency €
FR; Reduce deplet'lon of RD, DP; Quantity of resources and 0
raw material

fuel in the energy service

According to this approach, Energy Sustainability is a way to provide energy services
for the population at a low price, with the minimum depletion of raw materials. Raw
materials include all materials that cannot grow again in a limited period.

To “provide energy services”, “technology” is used. Efficiency is an economic driver
that helps to reduce the price per unit of energy services. The total quantity of resources
allows for evaluating the depletion of raw materials.

Equation (2) expresses the relationships between FRs and DPs, showing that the design
is a coupled design. On the first line of the matrix, technology is a way to “provide an

energy service” and needs fuel and other resources (Q) to be accomplished.
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On the second line, the unit price for the energy service, U;, depends on technology,
efficiency, and quantity of energy service use. A low price for an energy service leads to
system-wide availability. We will see in the next subsection that FR; can be derived from
the life cycle cost evaluation.

Finally, FR3, “reduce the depletion of resources”, needs technology changes, system
efficiency, and a reduction in the volume of resources involved, fuel included, Q.

FR; X X1 [DP
FR,| = [X X X|.|DP @)
FR; X X X| |Dp

EE impacts the use of resources, making the marginal cost of a unit of energy cheaper,
and hence increasing energy use.

The technology expenditure of more efficient technology is higher than a less efficient
one on the technology side. Therefore, the user tends to increase Q to profit from the invest-
ment. With time, new efficient technologies tend to decrease their price, as was observed
with LED lamps. This way, more and more users have access to the new technology because
it is profitable for their user profile. In any case, it causes an increase in the depletion of
resources. Therefore, RD, increases.

The design matrix (DM) is also a graph relationship between the FRs. As mentioned
before, it can turn into the adjacency matrix between the FR entities. Figure 6 shows the
graph relations between the three FRs, expressed by four arcs numbered from 1 to 5. The
first line of the design matrix indicates that FR;—"provide an energy service”—relates
to FR3—"reduce depletion of resources”—by the “quantity of resources in the energy
service” (arc 1).

Figure 6. Graph of FRs, from the DM of Equation (3).

The FR graph clearly shows that efficiency ¢ is a means to “Reduce price per energy
service unit” (U;). U; influences the energy service provided (ES) (arc 2) and the depletion
of resources (RD)) (arc 3). However, reducing energy use reduces the price per service unit,
which turns back to increasing the depletion (arc 4). Efficiency makes changes in technology
(arc 2). Thus, the feedback improves the use of resources (arc 1). New technologies arise
to reduce depletion (arc 5), increasing the use of resources. An example of the above
description is the use of batteries for electric cars.

Consequently, efficiency is a starting point for describing an energy policy and has
an economic effect, but it is not enough to reduce energy use. An energy policy needs to
use efficiency with other strategies, including constraints and taxes. It may require difficult
political decisions.

Feedbacks need to be avoided so as not to increase the depletion of resources. In
other words, it is necessary to remove the rebound effects, which happens by decoupling
the design matrix. Therefore, new policy models regarding increasing economy and well-
being without depletion of resources are of paramount importance for the development
of humanity.

The Levelized Cost of Energy (LCOE) is a well-known model to discuss energy invest-
ments that can be used for cost-effectiveness in the life cycle assessment.
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3.2. Levelized Cost of Energy

The LCOE is an economic model that allows for explaining some consumer behaviors.
For decades, customers have used technologies with different efficiencies performing the
same energy service. Therefore, technology cost needs to account for the energy cost
and efficiency in the equation. The technology needs investment It and maintenance and
operations expenditure Mt at each time t. Moreover, the energy service may require a fuel
expenditure F;. Fuel expenditure may include acquisition, transportation, and storage costs.
The useful fuel cost Fu; depends on the total fuel expenditure and global efficiency of the
energy service by the equation Fu; = F; - ¢;.

LCOE is the net present value of the average cost of energy for investment in n periods
at a project rate r given by:

n
Li+M;+F

El (1+r)

LCOE = —; o (©)]
t
El (1+r)
n
Let us define the net present values of technology cost Tc = ) Zflii/)li , energy service
t=1

n n
use Q = ) &t, and fuel F = Y Pui/ £t For an average efficiency ¢, the LCOE is close to
=1 (1+7) =1 (1+7)

U, the cost of a unit of energy service, given by Equation (4):

:Tc—l—Fu/s:E fl 4
—a Q+e 4)

with fu = %‘, e is the overall efficiency of the primary to final energy of the conventional
fuel service, and F is the overall net present value of fuel expenditure from production
to delivery. Regarding renewable energies, F is the overall expenditure in storage and
efficiency, the relationship between primary energy storage and final energy use. LCOE can
address renewable energies by considering storage and distribution [35].

Suppose that a market has “tn” technologies Ti (i=1,2, 3, ... , tn) to produce the same
energy service, from the least efficient technology T to the most efficient Ty,.

Let Tc; be the cost of technology “i”. According to the mentioned sequence, Tc; < Tc;y 1.
For two technologies that provide the same energy service, the less efficient technology
needs to have a lower price or it will be removed from the market. Over time, a cost-efficient
technology can become less pricy. The car batteries of electric vehicles are examples of a
pricy technology becoming less and less expensive.

Equation (4) stresses that the unitary cost depends not on the efficiency exhibited by
the technology but on the cost of the technology and the amount of “Q” units of energy
service provided.

Thus, users who consume more units of energy service will change from a T; to
technology T; for j > i if they can afford to pay the Tc;. A rational decision to switch to a
new technology results from a higher energy service and does not necessarily decrease the
resources used. Consequently, the unitary energy cost depends on technology, resources
used, and efficiency, which are the parameters of the second row of Equation (2).

LCOE with constraints on technology and resources may provide a valuable approach
to a sustainable model. However, LCOE only represents the second line of the DM of
Equation (2). Therefore, the LCOE model is insufficient in defining itself as a policy. There
are other relations to take into account.

u

3.3. The Proposed Models

Equation (5) shows the first solution, solution A. It decouples the DM of Equation (2)
by freezing the lower relations of Equation (2), marked with circled dots. It leads to an
upper triangular matrix. For simplicity of reading, Equation (5) shows FRs and DPs by the
symbols of Table 1. In this energy model, “Providing an energy service” needs resources
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(fuel) expressed by Q. To decouple the first column, reduce the price of Ui, and the depletion
of resources cannot depend on technology (T). Therefore, the relationship needs to freeze.
The rebound effect needs to be avoided by creating taxes that freeze the effect of € on the
depletion of resources. Moreover, to solve Equation (5), Q needs to be defined prior to € and
T. The equation shows that the resources must be limited first, as preconized in the SSE.

ES X X] [T
U | =0 X X|-|e (5)
RDp ®© o X| |Q

Solution A is a policy that limits the resources used:

- Generate energy services from existing materials—this means to reduce the use of
materials, reuse, remanufacture, and recycle—the 4R strategy;

- Define an available amount of resources;

- Tax new technologies depending on Q;

- Tax Q to freeze the effect of increasing ¢ on the depletion of resources.

This solution needs to have updated Cs on bottom efficiency from time to time so
that lower-efficiency technologies (cheaper technologies) will no longer stay in the market.
It also asks for modularity and the reuse of equipment. Therefore, solution A includes
the so-called circular economy. In addition, this solution contains the Daly approach for
allocating and distributing a limited amount of resources. A system constraint can define
the maximum amount of Q available for use.

Solution A is a Daly model with Cs about Q, circular economy, and taxation on new T
and e. It may lead to difficult political decisions, but it is a feasible means of dealing with
Energy Sustainability.

Another means of decoupling the equation is to freeze the two upper elements on the
third column (solution B). The DM is also a triangular matrix.

It states that to “provide an energy service”, no “quantity of resources” Q is needed.
Zero-energy solutions are close to this approach, and nearly zero-energy buildings (nZEB)
are an example. Moreover, efficiency cannot affect U;. Thus, a taxation policy must increase
fuel prices according to efficiency. Furthermore, a constraint on a lower efficiency needs to
be re-defined and updated so as not to stop economic development.

ES X o] [T
U | =X X o|- |¢ (6)
RDp X X X Q

Solution B is a renewable policy with the following:

- All energy systems from renewables or near zero. It is a sufficiency policy that
produces the energy locally. However, it is difficult to avoid the use of new resources
for the development of new technologies.

- A taxation policy of fuels that depends on efficiency.

The design defines the technology that “provides the energy service”, which helps
to achieve Ui. Depletion depends on technology and a small quantity of Q to run the
energy service.

It is beyond the scope of this paper to discuss the economic aspects of both solutions.
Nevertheless, any solution requests supplementary tax creation and newly designed Cs.
Therefore, a laissez-faire model cannot lead to a world of sustainability.

Solution B is not unsuited to the previous one. Solution A and B can be implemented
together, making the design an uncoupled design (Equation (7)). It creates an energy model
with an energy service not depending on Q, and RDp independent of technology (T). Both
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solutions, taxes, and Cs are the necessary inputs for defining a new economic model of
development independent of raw materials.

ES X o] [T
RDp ® o X| |0

All five X of Equation (2) were replaced by dotted circles, creating an uncoupled
design, which is the ideal design according to the AD theory.

4. Discussion

The efficiency rebound is not the only rebound effect in the Energy Sustainability
design. More rebounds arise due to links between technology, efficiency, and resources,
fuel included. Therefore, in the next several decades, we foresee, in iteration, the solution
of a problem and creation of another until humanity reaches an uncoupled design.

Technology will have a major role in reaching an uncoupled design. Technology
always has a social impact and changes the way in which society behaves. On the other
hand, education and learning help in the use of technology. The behavior of consumers, as
well as the type of household, define the ways in which persons use energy [36]. Further
works to decompose the proposed design need to consider education as a child of FR;.

EE, belonging to economic efficiency, has a social impact as well. EE has physical
and technological limits that create boundaries for efficiency mandates [7]. Therefore, the
pressure on the economy by efficiency has a limit. Nevertheless, the digital economy is a
major factor for future development due to low physical limitations.

The shift to the proposed Energy Sustainability concept will last decades and need
to have locally defined, step-by-step progress. In the following decades, the main envi-
ronmental problem for all countries is global warming, and thus, currently, the focus on
Energy Sustainability is the reduction in the emission of greenhouse gases (GHG). Policies
may rely on mitigation options such as EE and a shift to electricity, as it allows the use
of low-carbon technologies [37]. Unfortunately, new electrical technologies need critical
virgin raw materials. Therefore, the world is far from having the GHG problem solved
without a further depletion of resources.

The Paris Agreement of the United Nations Framework Convention on Climate
Change (UN-FCCC) targeted a temperature increase of 1.5 °C (art. 2) on the Earth until the
end of this century, compared with the values of the pre-industrial era. This target calls
for the strong leadership of rich countries in reducing energy use (art. 4) [38]. Moreover,
developed countries must help countries under development to reach a green economy
without passing through the fossil-based industry era. The developed countries committed
to donating USD 100 billion/year starting in 2020 to countries that are developing, but,
unfortunately, this has been postponed [39].

Global carbon neutrality should be achieved by 2070; the EU’s objective is to reach it
by 2050. In the EU, the cap-and-trade instrument gave rise to the European Trading Scheme
(ETS), in force since 1 January 2005. ETS influences investments in new technologies, but
the industry still needs incentives [40]. The 2020 European Climate Law [41] imposes a
reduction in emissions and the creation of a “more sustainable, fairer, more resilient and
more sustainable for future generations”. Mobility and comfort are becoming electrical,
with increased efficiency. However, high-energetic industries such as cement, ceramics,
plastics, and high-volume transportation are difficult to decarbonize [42].

The world needs new renewables and ways to store energy. Solar and wind power
are intermittent throughout the day, the year, and from one year to another. This may
cause security problems in the energy supply [43]. Each country’s energy types reflect its
strategy [44]. The security of the energy supply in some countries, based on carbon, may
change to the safety of production by local renewables.

The circular economy concept has been applied to renewable and hybrid energy
production [45] and illustrated in conferences with hundreds of contributions. However,
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most improvements focus on using the idea of a CE to achieve renewable energies [46] or
focus on biochemical, biofuels, and energy storage [47]. The holistic view of the economy,
technology, and raw materials, fuel included, is missing.

More than an economic issue, energy contributes to freedom and world development.
In fact, the economic development of the last century was based on energy. Energy allowed
the production increase, globalization, and the improvement of the standard of living. The
world population living on less than 75 GJ/p has decreased from 76% in 1999 to 57% in
2019 [48] (p. 12). Nonetheless, 84% of the world’s energy still relies on fossil fuels [48] (p. 9).

The nations’ leadership will be fundamental for the world to change, as huge invest-
ments and funds for R&D and regulations are needed. Moreover, the paradigm of policy
action has changed from limiting emissions to including adaptation and resilience. In this
context, the public protection of the population will become essential.

The proposed designs depicted by Equations (5)—(7) help to define the direction to
pursue, a key asset for an energy policy. EE is not enough to reach Energy Sustainability—it
simply gives us time to act. All new solutions, renewables, and all-electric ask for the
use of new materials. This paper presents a broader view, rather than focusing only on
EE, or energy production through CE. It also takes into account technology and resources.
Moreover, it identifies additional rebound effects than the ones caused by EE. The work
also defines how to decouple the design. Decoupling asks for a CE strategy and the use of
renewable sources of energy.

Energy security needs to be taken into account during the transition from the current
model to the uncoupled model of Energy Sustainability. Furthermore, the best strategy
to reach the new model of sustainability needs to be defined according to each region
and application.

5. Conclusions

This paper presents a broad approach to an Energy Sustainability policy. The policy
measures need to act on technology, efficiency, and resources. The unitary cost structure
indicates that surpassing a given amount of energy service leads to a viable, new, and more
efficient technology. Energy efficiency (EE) reduces the price of the energy service, therefore
making the service widely available. Thus, it does not reduce by itself the depletion of fuel
resources. The rebound effect due to EE globally increases the use of energy.

In this paper, we adopted the concept of Energy Sustainability as a way to provide
energy services for the population at an affordable price with the minimum depletion of
raw materials. There are two complementary solutions to solve this problem:

i.  One solution is a circular economy (CE) with constraints (Cs). The Cs consider the
lowest efficiency enforced in laws or guidelines and the total use of resources. The
policy needs to include taxation on technologies and resources.

ii.  The other solution is renewable energies, with near-zero energy systems and policy
on efficiency constraints. It requires increasing fuel taxation as a function of efficiency.

iii. Both solutions tackle the rebound effect of energy efficiency options and can be applied
in order to create an economy independent of raw materials as much as possible.

In addition, the following statements can be raised:

iv.  New energy policies need to adopt other instruments than economics. Energy di-
rectives need to consider the role of raw materials in the technologies, including
their scarcity.

v.  The Levelized Cost of Energy (LCOE) has been part of the sustainability problem,
although it is a limited concept. New equations for technology and energy resources
must be added to define new policies.

vi. Without understanding the design equation, indicators for sustainability can be
insufficient for defining the problem because they do not consider the rebound effects.

The proposed model identifies that there are couplings that can cause rebound effects
other than the one regarding EE. Due to the number of couplings, the transition from
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the current economy to renewables plus CE needs many steps. Sufficiency of energy and
energy security need to be considered during the transition period from the current model
to the uncoupled one. Finally, the solutions show the usefulness of applying an Axiomatic
Design (AD) to the design of a policy, allowing us to define a holistic view of sustainability
by considering not only the role of technology but mostly the raw materials, in addition to
energy efficiency. It is a new way to address sustainability, as far as the literature review
shows us.

Future works can include decomposing the proposed model into a second and addi-
tional levels to define the policy for a country, region, or enterprise. Each policy will be a
new design with lower-level FRs, which requires the inclusion of all local Cs.
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Nomenclature

3BL Three Bottom Lines

4R Reduce, Reuse, Remanufacture, Recycle
AD Axiomatic Design

CE Circular Economy

CN Customer Needs

Cs Constraints

DM Design Matrix

DP Design Parameters

EE Energy Efficiency

EPBD Energy Performance Building Directive
ETS European Trading Scheme

FR Functional Requirements

GDP Gross Domestic Product

GHG Green House Gases

LCOE Levelized Cost of Energy

nZEB Nearly Zero Energy Buildings

PV Photovoltaics

PV Process Variables

SSE Steady-State Economy

UN-FCCC  United Nations Framework Convention on Climate Changes
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