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Abstract

Eco-innovation is the innovation of products that focuses on the use of renewable energy and meets specific environmental
equirements, and is essential for energy conservation and environmental protection. There are recommendations and strategies
vailable for general product development, but there are limited studies when focusing on renewable energy products. A proposal
or eco-innovation in renewable energy is developed based on exergy analysis, TRIZ methodology, and knowledge management.
he model is demonstrated with a specific case study. This study contributes to the analysis and development of products with

enewable energy that help mitigate climate change, consistent with the change in the energy matrix. Furthermore, this study
s a transdisciplinary effort that integrates concepts from different topics to achieve a comprehensive model.

2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The market constantly challenges companies to launch new products and meet modern technological demands,
equiring more agile and effective product development processes (PDP). Additionally, sustainability concerns are
ncreasingly present in the business decision-making process.
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The scarcity of energy and material resources increases the costs of development processes and the manufacture
f new products. Thus, for companies to remain competitive in the market, they must incorporate continual
omprehensive methodology analysis, sophisticated product development, and optimization processes that are energy
fficient and environmentally sustainable.

Innovation has peculiar characteristics that are sector-specific. There are sectors where users, customers, or
ompanies provide the innovation [1]. More specifically, the renewable energy industry is oriented towards energy
avings, with incentives such as patents and climate change mitigation.

Although innovations of a product or process can be radical or incremental in the renewable energy sector, the
agnitude of their contribution to environmental sustainability qualifies them as eco-innovations.
The key is developing products that use renewable energy. Currently, there is no existing model to explain the

evelopment process of renewable energy-based products. There are generic models, but not specific ones that
nclude particular thermodynamic aspects for energy products.

. Theoretical background

Dangelico [2] performed a systematic review on Green Product Innovation (GPI), encompassing 63 studies:
8 focused on antecedent factors (internal and external) of the development of GPI, 18 reported results of
PI development, and 33 presented success factors for GPI development (management, relations, resources and

apabilities, PDP).
Lopez et al. [3] presented a model that interrelated organizational sustainability, knowledge management, and

pen environmentally sustainable innovations. According to the authors, innovation has three essential dimensions:
conomic, social, and environmental, and the model was demonstrated with a case study of a Brazilian rubber
ompany.

Nagano and Iacono [4] compare the internalization, outsourcing, combination, and socialization of the knowledge
onstruction spiral [5] of three eco-innovation methodologies: Product Ideas Tree Diagram — PIT, Strategic
nvironmental Challenges Methodology — STRETCH, and Standard Design Process Form — SDPF. The authors
lso described how the interrelationship between knowledge management and eco-innovation works at the beginning
f product development.

Prieto et al. [6] explained the innovation behavior and importance of knowledge integration within the
evelopment of thermal energy storage for concentrated solar power, highlighting the importance of university
ollaborations in the process.

Melander [7] emphasized the importance of the interaction between suppliers and customers to develop green
roducts, which reflects the construction of internal and external capabilities. The author conducted five case studies
ocusing on companies that developed green products.

Winkler [8] suggested that sustainable product design must incorporate the second law of thermodynamics, using
xergy to evaluate different options.

Cherifi et al. [9] focused on product development and proposed a methodological approach directed to eco-
nnovative goals, the ECA-TRIZ, based on a new TRIZ contradiction matrix in five dimensions: materials, energy,
eleases, use parameters, and eco-design appropriation. The proposed ECA-TRIZ method was used to evaluate the
olutions offered by participant teams to the challenges of the ‘24 hours of innovation’, and the best concept of
olutions usually agreed with the ECA-TRIZ principles.

Although there are previous studies on knowledge management, TRIZ methodology, and exergy analysis, there
s no study on integrating these methods for the conceptual design of renewable energy-based products.

. Model proposal

The proposal is that innovation can be expressed by Eq. (1), which is the triple integral of the sum of knowledge
K) and creativity (Cr) in the market (dm), social (ds), and environmental differentials (de).

I =

∫∫∫
[K + Cr] dm ds de (1)

The creativity and knowledge that drive conceptual design should encompass the expected market acceptance,
ocial use, and environmental impact. The proposal for the product development process with renewable energy is
ased on the development of Eq. (1) using the TRIZ methodology, exergy analysis, and knowledge management.
See Fig. 1.)
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Fig. 1. Model for product development with renewable energy.

3.1. Innovation process

Following the model of du Prez and Luow [10], the innovation process consists of two components: the first
is convergent, when idea generation, conceptual design, and prototype development take place, and the second is
divergent, during which production and placement of the product on the market occur. An innovation portfolio
connects both components.

In the conceptual design stage, fundamental in the innovation process, ideas are generated to solve a technological
problem. These ideas are combined with specific knowledge and reflected in the concept to be compared with state
of the art and subsequent implementation in the market, society, and its environmental impact.

3.2. TRIZ methodology

TRIZ, also known as the theory of inventive problem solving, was developed in the inductive form. TRIZ
proposes 40 creative principles, 39 technical parameters, one contradiction matrix, ten evolution laws guiding
technological systems, and substance-field interaction to solve technical problems [11]. Among the evolution laws
proposed, Law 4 of Increasing Ideality is the most essential law of technical systems evolution, aims at the gradual
improvement and optimization of the energy used (during evolution, technical systems improve the relationship
between system performance and the expenses required to achieve this performance).

The TRIZ contradiction matrix enables conciliation when one technical parameter worsens another, as the
intersection generates the inventive principles suggested to raise this contradiction. The substance-field analysis
of this methodology helps develop favorable areas, such as solar radiation, and slow down unfavorable areas, such
as noise production. The law of increasing ideality and TRIZ inventive methodology establish that the artifacts
improve to achieve their objectives with less mass and energy.

Li et al. [12] combined TRIZ and thermodynamic analysis for process retrofitting; TRIZ generated a set of
alternative operational strategies and thermodynamics searched for retrofitting targets and margins for improvement.
The case study was a butadiene extractive distillation plant, and two retrofitting flowsheets decreased steam
consumption by at least 23.7%. Hede et al. [13] mention that using exergy can motivate organizations to elaborate
on appropriate (or optimal) design engineering processes and environmental improvement programs. The authors
also relate TRIZ through its Law 2 of Energy Conductivity (to maximize the ratio between transmitted energy and
consumed energy) with thermodynamics and entropy in the product development process.

3.3. Knowledge management

Current knowledge on renewable energy can be somewhat scattered and thus must be integrated and channeled for

better understanding and transformation into products, as expressed in Eq. (1). When faced with a specific problem,
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creativity is used to generate ideas, identify technical contradictions, and determine the availability of renewable
energy. The idea is carried into a conceptual design framework where the knowledge of physics, mechanical design,
thermodynamics, and energy, among others, is added.

The most significant effort regarding knowledge management should be directed to conceptual design, retrieving
nd contributing to the design team’s knowledge. Geographical proximity is not required as meetings can be virtual.

The spiral of knowledge advocated by Nonaka and Takeuchi [5] should be applied to the team through
ocialization, internalization, combination, and externalization, extrapolating the recommendations of Levin [14]
o the product development process. At this point, one should resort to learning history, writing, and recording the
rocess in a participatory way.

The use of shared drives in the cloud favors this stage. The concept should also be registered in 3D and shared
mong all team members. This conceptual design is patentable and then taken to detail design.

Porter and Newman [15] argue that new knowledge can be generated using data from various prior investigations.
variant of this proposal would be to use data from tested prototypes of a specific technology. These authors suggest
combination of knowledge that is explicit through a new conceptual design.

.4. Exergy analysis

Due to increasing environmental concerns, there has been a progressive need to assess process performance
nd efficiency. Thermodynamics provided the concept of an energy balance (first law of thermodynamics), but this
raditional approach is insufficient when considering solutions to increase global energy efficiency [16]. Energy
ssessments do not account for the thermodynamic quality of the energy involved, which is evaluated by exergy.
xergy is the ideal potential of mass and energy to do work and is considered as “available” or “useful” energy.

Following complementary paths, energy and exergy assessments aim at decreasing losses and optimizing the
rocesses [17]. An energy balance can be expressed as Eq. (2), and an exergy balance is shown in Eq. (3) [18].

Energy in = Energy out = Energy out in product + Energy loss (2)
Exergy in = Exergy out + Exergy destruction = Exergy out in product + Exergy loss + Exergy destruction

(3)

Exergy destruction refers to irreversibility in the process. Energy or exergy losses refer to waste heat or gases
vacuated into the environment, which could have been useful.

Efficiency is a degree of how efficiently the input is converted to the product. Eq. (4) uses energy as a basis,
hile Eq. (5) uses exergy.

ηen = (Energy out in product)/(Energy in) (4)

ηex = (Exergy out in product)/(Exergy in) = 1 − [(Loss + Destruction)/Input] (5)

Energy efficiency does not consider the usefulness of energy. But in the exergy efficiency, the quality and quantity
f the energy flows are considered, recognizing that losses and internal irreversible processes must be addressed to
mprove the process performance [19].

Novak [20] mentioned that exergy is closely related to sustainability. Sustainable development can be translated
nto lower exergy destruction rates, where the circular economy concept is a means to minimize the depletion of
esources and thermodynamic irreversibilities (i.e., higher exergy efficiency).

Exergy assessments are essential for deepening the knowledge of energy use and economic growth and providing
more consistent basis for prioritizing strategies to improve energy efficiency [21]. Exergy can also be employed

o account for the quality of resources (renewable and non-renewable). It must be highlighted that all production
rocesses destroy exergy, as mentioned by Brockway et al. [19]. Minimizing exergy destruction “is an ideal to strive
or when developing more environmentally-friendly technologies”.

Exergy has been combined with other concepts to provide a broader perspective. For example, Carvalho and
erra [22] adapted the idea of ascendency to industrial systems using exergy flows as the quantity of interest,
roviding information about its potential for improving energy efficiency. Exergy has also been combined with
inch analysis (the pinch diagram helps visualize the performance of a system, and exergy sets targets for
mprovement [23], economics [24], and environmental assessments [25]). More recently, a mini-review [26] was

ublished on
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4. Case study: Refrigeration adsorption system

4.1. Innovation process

This process employs low-intensity thermal energy, enabling its coupling with renewable energy sources such
s solar energy. The refrigeration adsorption technology converts heat into refrigeration and is consolidated and
ommercially attractive. As it does not require electricity, the refrigeration adsorption system can be an alternative
or rural sectors not connected to the electric grid and is especially relevant to conserving food, thus fulfilling the
ocial differential of innovation.

.2. TRIZ methodology

Adsorption refrigeration systems use heat (solar energy or exhaust gases) as a source of energy to obtain
efrigeration [27], fulfilling the inventive principle 22 (this principle focuses on the use of harmful factors,
onditions, or situations in a positive way). These systems employ water as a refrigerant instead of environmentally
armful fluorocarbon refrigerants, fulfilling inventive principle 35 (this principle focuses on parameter changes,
hich entails changing the physical state of an object: its density, temperature, hardness, etc.).

.3. Knowledge management

Following Porter and Newman [15], data were gathered from 12 adsorption refrigeration prototypes that operated
ith the water-silica gel pair, followed by comparing the Coefficients of Performance (COP) and refrigeration

apacity, extrapolating results for a new and hybridized conceptual design.

.4. Exergy analysis

Structural optimization tools can be adopted and operationally associated with the first law of thermodynamics
mass and energy balances) when developing more efficient thermal systems. This optimization focuses on maxi-
izing the system performance indices. However, optimization does not indicate which processes or irreversibility

omponents affect energy efficiency.
Therefore, a complementary analysis of the system is necessary, associating the exergy concept within the second

aw of thermodynamics with elements of economic analysis, referred to as exergoeconomics. This type of assessment
ists the processes and components that deserve more attention when developing more efficient products.

The study of a solar-activated adsorption refrigeration system is presented to exemplify the functionality of exergy
nalysis as an auxiliary tool in the decision-making process. Concerns on sustainability are increasingly present in
usiness decision-making processes.

In the basic configuration, an adsorption refrigeration system consists of an evaporator, an adsorptive reactor
simple or multiple), and a condenser, as illustrated in Fig. 2. Points “1” and “2” are the inlet and outlet of the
eating water of the adsorber, points “3” and “4” are the inlet and outlet of the chilled water in the chiller, and
ubscript “0” corresponds to the environment. The energy balance is presented in a generalized form in Eq. (6).

Xheat − Xwork + Xmass,in − Xmass,out − Xdestr = ∆X (6)

q. (6) can be rewritten as Eq. (7) in terms of rate.∑
(1 −

T0

Tk
).Q̇k −

(
Ẇpump − P0

dV C
dt

)
+

∑
ṁψin −

∑
ṁψout − Ẋdestr =

d XV C

dt
(7)

For the analysis of the proposed model, some simplifying hypotheses are considered: the studied system operates
n a steady state and is considered perfectly isolated, so no energy transfer (work or heat) crosses the control volume
oundary (red dotted line in Fig. 2). The energy consumed by vacuum and recirculation pumps is negligible and,
fter these simplifications applied to Eq. (7), Eq. (8) is obtained.∑

ṁψ −

∑
ṁψ − Ẋ = 0 (8)
in out destr

1111
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Fig. 2. Adsorption refrigeration system with control volume delimitation.. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Introducing the inlets and outlets from Fig. 2, Eqs. (9) and (10) are obtained.∑
ṁψout = ṁ2ψ2 + ṁ4ψ4 (9)∑
ṁψin = ṁ1ψ1 + ṁ3ψ3 (10)

Considering that ṁ1 = ṁ2 and ṁ3 = ṁ4, Eq. (11) is obtained, equivalent to Eq. (12).

Ẋdestr = ṁ1 (ψ1 − ψ2)+ ṁ3(ψ3 − ψ4) (11)

Ẋdestr = ṁ1 (h1 − T0s1 − h2 + T0s2)+ ṁ3(h3 − T0s3 − h4 + T0s4) (12)

A prototype [27,28] is adopted as an example, with Table 1 showing its thermodynamic properties following the
flows defined in Fig. 2.

Table 1. Refrigeration adsorption system prototype data [28].

1 2 3 4 0

T (◦C) 85 75 25 13 25
P (kPa) 191.325 181.325 191.325 101.325 101.325
ṁ (kg/s) 0.200 0.200 0.025 0.025 -
h (kJ/kg) 356 314 105 54.700 105
s (kJ/kg.K) 1130 1020 367 195 367

Ẋdestr (kJ/s) 1.816 kW

Application of Eq. (12) yields the value of exergy destruction as 1.816 kW. The same procedure can be used
o evaluate other settings and compare results that can help decision-making. The assessment can be carried out
or each system component, identifying the process or component that must be controlled and improving energy
fficiency as a function of entropy generation rate.

. Conclusion

Recognizing that there is no existing model explaining the process of product development with renewable energy,
he trend is to resort to knowledge, absorptive capacity, technological learning, and resource mobilization. Generic
1112
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models exist, rather than specific ones, as most models employed in renewable energy-based products focus on
thermodynamic aspects.

The model proposed herein is based on the sum of knowledge and creativity, unfolded in its market, social and
nvironmental differentials. The parametric adjustment of a prototype according to the proposed model yielded an
cceptable value of exergy destruction for an energy system. Convergence has been verified for the law of increasing
deality (TRIZ inventive methodology) and exergy assessment.

The results obtained with the proposed model demonstrated promising applicability in designing products with
enewable energy.

Future research concentrates on identifying how companies can incorporate academic knowledge into the
nnovation process of renewable energy-based products.
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