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Figure 6. Fuzzy rules.

On the right side of Figure 8 we can see the Fuzzy Comfort Index (FCI). The index result is 5.85
(Figure 7).

 
Figure 7. Fuzzy Comfort Index.

This index may be a specific number for the internal space. The nine sets and a special rule system
can support or give a special fuzzy scale which can absolutely describe the room regarding comfort.
The authors need to study how the problem can be solved with nine properties.

This paper suggests that the Fuzzy Logic can describe the comfort property of a room, but the
future work needs more experiments and calculations. Three types of fuzzy classes characterize the
internal environment: (Fuzzy Comfort Index, FCI) (Figure 8), which may be subdivided into malaise,
acceptable well-being, and excellent well-being.

 
Figure 8. Fuzzy Comfort Index sets.
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Figure 8 represents the FCI index sets. The results can be between 0 and 10 on this line. The results
above (5.85) are in the middle range of this system. These sets are made by the authors, which depend
on the investigated person’s subjective opinion and experience.

7. Conclusions

The study presents a possible comfort theory indicator with fuzzy logic and MATLAB. Graphs
allow determining an index number that describes a closed space, a room/indoor environment. Out of
the possible nine parameters, the article examines only two; the future goal is the extension of the
mathematical model to the nine possible properties and the processing of real time data, which takes
the dynamic changes in the examined room into account. The entire process described above, getting
to the fuzzy output from the numerical inputs by input fuzzy membership functions and the fuzzy
rules, is defuzzificated with the center-of-gravity method, it is the so-called Mamdani’s inference.
The fuzzy system may have much more than two inputs. If we assign 3–4 or more fuzzy membership
functions to each input, thousands of fuzzy rule units are required in the simulations, and this may
make it very difficult to calculate both the fuzzy output and the full defuzzification process. Another,
commonly used solution to avoid the complicated defuzzification and fuzzy output calculation is
to teach the behavior of a complete fuzzy system to an artificial neural network (ANN). The neural
network requires learning data system to learn. These are created by determining the output of the
complicated fuzzy system for several different inputs. These outputs will be the expected values
during the teaching of the neural network when the same inputs are received by the neural network as
the fuzzy system. When the neural network is able to provide the same output as the fuzzy system
for learning data, it will be able to model further fuzzy system operation on additional test data.
The output will only be approximately the same as the fuzzy system, but this output may be calculated
much faster, which means a higher efficiency. Such neural network modelled fuzzy systems are called
neuro-fuzzy systems. Researchers intend to implement these points in their future research on the
quality of the internal environment [47].

The created index allows to describe an internal room or to characterize an existing internal
environmental quality, which may even be recorded by legislation.

8. Limitations

Measurements were performed in the laboratories of the Faculty of Engineering, University of
Debrecen. The size of the test room, the building materials and surfaces of building elements of the
test room, and the type and location of air terminal devices of mixing and displacement ventilation
were considered as given boundary conditions. In the development of the new fuzzy comfort index
only two parameters were taken into consideration.
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Abstract: According to the fifth Intergovernmental Panel on Climate Change (IPCC) assessment
report, the urban environment is responsible for between 71% and 76% of carbon emissions from
global final energy use and between 67% and 76% of global energy use. Two important and trending
domains in urban environment are “resilience” and “net zero” associated with high-performance
design, both of which have their origins in ecology. The ultimate goal of net zero energy has become
the ultimate “high-performance” standard for buildings. Another emerging index is the measurement
and improvement of the resilience of buildings. Despite the richness of research on net zero energy
and resilience in the urban environment, literature that compares net zero energy and resilience is
very limited. This paper provides an overview of research activities in those two research domains
in the past 40 years. The purpose of this review is to (1) explore the shared ecological roots of the
two domains, (2) identify the main research areas/clusters within each, (3) gain insight into the size
of the different research topics, and (4) identify any research gaps. Finally, conclusions about the
review focus on the major difference between the net zero movement and resilience theory in the
urban environment and their respective relations to their ecological origins.

1. Motivation and Background

According to the Fifth Assessment Report (AR5) of the UN Intergovernmental Panel on Climate
Change (IPCC), the urban environment is responsible for between 71% and 76% of carbon emissions
from global final energy use and between 67% and 76% of global energy use [1]. Within the urban
environment, buildings represent the greatest unmet energy savings and carbon emission reduction
potential because existing and future buildings will determine a large portion of global energy
demand [2]. As developing countries keep building and maintaining their standard of living by
providing housing and infrastructure, the total energy use in urban environments, particularly use
related to buildings, could triple by mid-century [3].

To date, primary research about the urban environment related to climate change has focused
on energy efficiency or resilience. For energy efficiency, the ultimate goal is to realize the net zero
energy (NZE) goal. NZE and resilience have overlapping origins in systems ecology [4,5] but have
developed independently. Investigating how they differ allows us to see how they can inform each
other’s future development and potentially be integrated to create a more holistic framework for
evaluating sustainable development. In 2010, buildings accounted for 32% of total global final energy
use and 19% of energy-related greenhouse gas emissions [2]. The energy-centric approach is easy to
understand and easily implemented in the building code. Large amounts of research have quantified
building energy performance, and robust methodologies have been developed and established. The
number of net zero buildings increased by over 700% between 2012 and 2018 in the United States [6],
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and the steep upward curve can be expected to continue. On the other hand, resilience has a broad
range of implications in the urban environment and includes the comprehensive measurement of
performance rather than just energy performance. Methods have been implemented and tested to
quantify the resilience of a single building, multiple buildings, or an entire city. For example, the
city resilience index developed by the Rockefeller Foundation is used to understand and measure
the resilience of a city. However, since resilience covers a wider range of issues than NZE, resilience
research on the urban environment still lacks a consistent framework or definition that would prove
helpful for communication among researchers and practitioners.

This paper’s review of state-of-the-art studies regarding the NZE movement and resilience concept
in the urban environment was based on a systematic screening of peer-reviewed articles by titles,
keywords, and abstracts. The purpose of the review is to (1) identify the main research areas within
each domain, (2) gain insight into the size of the different research focal points, and (3) identify any
research gaps and trends. The paper is organized as follows. First, the intellectual origin of NZE
and resilience is introduced in Sections 1.1 and 1.2. Then, the literature survey results of these two
concepts are explained in Section 3. The analysis results are shown graphically and explained in this
section as well. Following the analysis, current research gaps and future needs are outlined in Section 4.
Conclusions based on Sections 2 through 4 are discussed in Section 5.

1.1. Origin of the “Net Energy” Concept

The concept of “net energy” has its origin in ecology and has continued to maintain a close relation
to that field. In 1920, Frederick Soddy, an English chemist and Nobel prizewinner, first offered a new
perspective on economics rooted in the law of thermodynamics in physics. Soddy drew attention to
the importance of energy for social progress based on real wealth formation as distinct from virtual
wealth and a debt accumulation process [7,8]. He suggested that detailed accounting for energy use
could be a good alternative to the monetary system, as the conventional monetary system treated the
economy as a perpetual motion machine, while in reality, as with any commodity, the actual wealth
flow obeyed the laws of thermodynamics [9,10]. Soddy argued that real wealth was derived from the
use of energy to transform materials into physical goods and services [11]. However, his theory was
largely criticized and ignored in his time due to his standing as a critic—not a scholar—of orthodox
economics. The contempt was mutual: in one review of his book called “Wealth, Virtual Wealth, and
Debt,” the Times Literary Supplement remarked that “it was sad to see a respected chemist ruin his
reputation by writing on a subject about which he was quite ignorant . . . ” [10]. The criticism of
Soddy’s theory contributed to the long-term silence in associated research development between 1930
and 1970.

In the 1970s, Romanian American mathematician and economist Nicholas Georgescu-Roegen
further developed ecological economics or eco-economics based on Soddy’s concepts, a field of
research that is transdisciplinary and interdisciplinary, encompassing ecology, economics, and physics.
Georgescu-Roegen proposed the application of entropy law in the field of economics, arguing that
all natural resource consumption is essentially irreversible, a concept that had a profound impact on
thinking about net energy flow or the lifecycle of natural resources. He was the first economist of some
standing to theorize on the premise that all of Earth’s mineral resources will eventually be exhausted
at some point [12]; this concept of depletion of natural resources eventually led to the movement of
sustainable development.

Another important development in the 1970s was the publication of the article “Energy, Ecology, &
Economics” and the book “Environment, Power, and Society” by ecologist Howard Odum, who tackled
the economic issue using ecological theories based on energy fundamentals. His energy economics
concept was based on the understanding that energy is the foundation for all forms of life and is
transformable. He stated that “the true value of energy to society is the net energy, which is that after
the costs of getting and concentrating that energy are subtracted” [13]. His view of studying ecology
as large and integrative ecosystems paved the foundation for understanding how the different aspects
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of a whole ecosystem influence each other. In the latter part of his career, in the 1990s, he developed
the concept of “emergy,” which he defined as “a measure of energy used in the past and thus is
different from a measure of energy now. The unit of emergy is the mjoule [14]. Emergy has attracted
the attention of academic researchers and is being applied to research in the urban environment in
addition to natural ecosystems [15,16]. Since the reemergence of the concept of net energy in the 1970s,
energy-flow analysis and net energy simulation have been applied to many different fields beyond
ecology and economics; the most visible increase of research and practice interest is in architecture,
engineering, and the construction industry (AEC), and the most applicable translation of the concept is
NZE building design and construction.

1.2. Origin of Concept of “Resilience”

Resilience emerged in the field of ecology at the same time that NZE studies started to catch
researchers’ and practitioners’ attention. In the 1960s, the ecological resilience concept was introduced
in studies of the stability of ecosystems. One of the pioneers in this area is C.S. Holling, who was
considered by many to be the father of ecological resilience theory and who also introduced the word
“resilience.” Holling believed that extending the ecological framework to other fields would be useful
for understanding how society, individuals, and community interact with natural ecosystems. The
origin of this term has deeper roots that may be linked to the origins of ecosystem and systems ecology
in the 1940s and 50s and their attempts to mathematically model dynamic ecosystems [17]. The idea
that nature was composed of systems that may have properties like resilience set the stage for more
formal conceptualizations of the term by Holling and colleagues throughout the 1970s and 80s [17].
Holling describes resilience as dynamic and complex in juxtaposition to other views of a stable and
simple nature. The “stability” of ecological systems refers to their ability to return to an equilibrium
state following a disturbance. Holling suggests that resilience “is a measure of the persistence of
systems and of their ability to absorb change and disturbance and still maintain the same relationships
between populations or state variables.” In this early formulation by Holling, it is the instability of a
system that conveys its resilience.

These ecological origins for the modern concept of resilience are in some ways at odds with
notions of resilience from other disciplines. Engineering resilience applies to how a system responds to
disturbances with respect to the system’s stability in comparison to an equilibrium steady state [4,18,19].
Engineering resilience derives from notions of resistance to and recovery from disturbances and focuses
on the ability and speed of a system to bounce back to its initial, equilibrium conditions following a
disturbance event [18,19].

The ecological concept of resilience has seen an extension of its domain to include social-ecological
resilience and a paradigm that is applicable to resource management [20,21].This parallels the
organization of the Resilience Alliance, a collective of institutions and researchers that implement
“resilience thinking” for the study and management of systems from an interdisciplinary perspective.
Here, resilience extends from a concept focused on buffering stress and maintaining function to
one where the focus is on the adaptive capacity to innovate and transform a system to sustain and
reorganize in the face of stress and disturbance [20] These principles can be put into practice to manage
a system for resilience [22–24].

2. Research Method, Materials, and Tools (Literature Review)

The literature review of these two related topics took two forms: quantitative and
qualitative research.

2.1. Quantitative Research

The screening and review entailed three steps. First, key search terms on the NZE movement
and resilience concept were used to scan the Web of Science and Elsevier’s Scopus databases. The
screening excluded literature that was not peer reviewed, and multiple combinations of the search
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terms were used. Combinations of terms included (1) “resilience” with “city,” “building,” and “urban
environment” and (2) “net zero” with “buildings” and “urban environment.” Articles, conference
proceedings, books, and book chapters were included. Terms appeared in titles, the abstract, and
keyword lists. There were 1821 papers found from a variety of disciplines in the resilience research
domain, and 592 papers were found in the NZE research domain, all from the period of 1970 through
2018. The different research fields include architecture, construction, engineering, environmental
technology and science. After the initial papers were identified, the occurrence of the search terms was
used as a filter to narrow down the literature: 20 occurrences were used for resilience papers and 10
were used for net zero papers to gain a comparable number of research domain clusters.

In the second step, citation analysis, co-citation analysis, and text data mining were carried out with
the VOSViewer software to determine influential studies, thinkers, and concentrated research topics
and their correlations. Citation analysis (CA) is the bibliometric method used to quantitatively evaluate
scientific and academic literature to assess the quality of an article or the impact of study/research
projects, authors, journals, or institutions. Co-citation analysis (CCA) is a bibliometric method used
to measure the correlations among a variety of academic papers based on the rationale that shared
references suggest an intellectual connection. This form of document coupling measures the number
of documents that have cited a given pair of documents [25]; it is used in this research to trace origins
and fields related to NZE and resilience studies in the urban environment. Text data mining (TM) is
the process of deriving high-quality information from text-based documents (e.g., titles, keywords,
and abstracts) to identify patterns and trends. Automated content analysis for text—which draws on
techniques developed in natural language processing, information retrieval, and text mining—has
boomed over the past several years in the social sciences and humanities fields [26,27] but is rarely
used in scientific and engineering fields.

To analyze and interpret the results from CA, CCA, and TM, maps are often constructed to help
visualize the data. Two types of maps are commonly used in bibliometric research: distance-based
and graph-based maps [28,29]. In a distance map, the distance between two items generally indicates
the relation and correlation. For representing literature review results, the degree of proximity of two
research topics can be viewed as a representation of the intellectual connection of the research topics
or areas. Graph-based maps indicate the distance between two items but do not need to reflect the
strength of the relation between the items [30]. The relation between items is represented by a line.
There is a variety of mapping techniques used in bibliometric research, such as multidimensional
scaling. Van Eck’s VOS mapping techniques [20,28], VXIrd, Pajek [31]. and Gephi. The most commonly
used technique is multidimensional scaling.

For this project, VOSViewer was chosen for its two-dimensional distance-based map [32]. VOS,
which stands for “visualization of similarities,” aims to locate words in a low-dimensional space
in such a way that the distance between two words reflects the similarity or relatedness of the
words as accurately as possible [28]. The Pearson correlation has been the most popular indirect
similarities measure in the literature review for a long time, and it is well known that the Pearson
indirect similarities method is not completely satisfactory [33]. VOS is based on a more sophisticated
indirect similarity measurement. More detailed technique information regarding how VOS runs the
correlation analysis can be found in Van Eck et al. [28]. VOSviewer constructs a map based on a
co-occurrence matrix using three steps. The first step is to obtain a similarity matrix; in the second
step, a map is constructed by applying the VOS mapping technique to the similarity matrix; then,
in the final step, the map is translated and reflected. The similarity or association strength between
different words measured in VOSviewer depends on the total number of co-occurrences of words
together and the number of occurrences of the terms separately. In a VOS-constructed map, different
cluster maps represent different research foci; the sizes of the nodes indicate the relevance of the
items—including research topics, authors, sources, or countries—and the distance between nodes
illustrates the intellectual connections.

In this review, the following map types were created:
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• Map of terms: we used all text data to generate a term map based on occurrence of texts to
understand the researcher topics/clusters in one domain.

• Map of keywords: we used co-occurrence of keywords data to construct a map to understand the
relation between knowledge groups and different research fields.

• Map of authors: we used citation data to construct a map to identify the influential thinkers in
research domains.

• Map of countries: we used citation data to construct a map to identify the influential regions in
research domains.

2.2. Qualitative Research

After creating an overview of research activities based on the map constructed with VOSviewer,
the researchers identified the most active research areas, trending terms, and influential papers. Then,
a qualitative review of all studies was conducted to reduce the articles to a total of 452 studies for
resilience and 81 for NZE papers that were applicable to the scope of this study. After the initial VOS
scan, the top 200 ranked studies for resilience and all 81 for NZE were reviewed separately by two
authors to determine if they actually focused on resilience and NZE. According to the goal of this
review, a paper was excluded if it (1) failed to define the term and (2) did not identify the research
gaps and trends. This analysis unveiled 20 top-ranked influential papers in each area (40 papers in all).
Lastly, a focused review was carried out on the 20 most influential papers in each area as a means of
gleaning findings and identifying research gaps and needs. Sections 3 and 4 highlight and discuss the
main results from the NZE and resilience literature review, respectively.

3. Findings: Research Clusters, Topics, Gaps, and Trends

3.1. Research Clusters on Resilience (Map of Terms)

First, in order to identify the research clusters and origin, a term map was created based on the
occurrence of texts within a corpus of 1821 scientific publications. The terms (texts) appeared in titles,
abstracts, and keywords. The occurrence frequencies of terms (texts) of journals were determined
based on a minimum number of 20 occurrences of a term. (The default and recommended number
of occurrences is 10, according to the program manual. In order to narrow down the research, we
doubled the default number.).

Out of the 39,855 terms, 496 met the threshold. For each of those 496 terms, a relevance score was
then calculated. Based on those scores, the most relevant terms were selected, using the program’s
default of the top 60% most relevant terms. Altogether, 275 terms were selected for the resilience
research study; the result is shown in Figure 1. Based on the VOSviewer clustering technique, the
terms in the data set were divided into four clusters, with a different color for each research cluster.

• Cluster 1 (red): technology, application, energy efficiency, performance, event (left)
• Cluster 2 (blue): factor, finding, relationship, health (right)
• Cluster 3 (green): urban resilience, governance, understanding/theory, ecosystem/eco

service (middle)
• Cluster 4 (yellow): disaster, hazard, mitigation (upper)

These clusters show four separate focus areas across different disciplines, which may be referred
to as techniques and application of resilient practice (cluster 1), cause and relation of resilient factors
(cluster 2), the understanding of the mutual influence of urban resilience and ecosystem (cluster 3),
and disaster and hazard relief (cluster 4). The clusters are closely related to the three predominant
definitions of resilience in an urban environment emerging from its ecological origin: engineering
resilience, ecological resilience, and social–ecological resilience [34]. Engineering resilience is defined
as a system’s speed of return to equilibrium following a shock, indicating that a system can have only a
single stability regime [35].Ecological resilience emphasizes conditions far from any equilibrium steady
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state, where resilience is the measurement of the magnitude of disturbance that can be absorbed before
the system changes its structure [4]. Social–ecological resilience is defined by Adger as the “Ability of
communities to withstand external shocks to their social infrastructure” [36,37]. Cluster 2 is derived
from ecological resilience; cluster 3 is the continuation of social–ecological resilience; and cluster 4 is
related to engineering resilience. Lastly, cluster 1 is about the translation or transformation of resilience
theory to practice.

 
Figure 1. Term map representing the main research areas on resilience in the built environment.

The four research clusters are not of equal size and density. Cluster 1 has the most research
activities and impact, while cluster 4 has the least number of studies and relevance. Clusters 2
and 3 are of very similar size. Within cluster 1, there are four sub-clusters: technology application,
energy efficiency advancement, performance in different scenarios, and individual disastrous events.
Among those, technology application is closely linked to energy efficiency advancement, as well
as performance in different scenarios. The disastrous events sub-cluster, which is associated with
damage and uncertainty, is relatively remote from the other three sub-clusters. Cluster 2 has three
clear sub-clusters: finding/program, factor, and relationship. This cluster mainly represents social
and community resilience, as other associated terms include family, health, culture, intervention, and
education, and they can be seen as a further development of the socio–ecological resilience definition.
Cluster 3 is the second-largest cluster, but unlike clusters 1 and 2 it does not have clear sub-clusters.
Instead, it is interwoven into cluster 1 and cluster 2.

The connection between “event” under cluster 1 and “urban resilience” under cluster 3 appears
to be very strong, even after pulling them away from the cores of their respective areas. This close
connection might indicate the rising risk of shocks from natural disasters and the demand to find
techniques with which to build robust urban resilience. “Understanding” under cluster 3 is connected
to “finding” in cluster 2; the finding about the factors that determine the resilience of a system help
to establish an understanding of what drives the transformation of an existing system into a more
resilient one. There is almost no connection between cluster 4 and cluster 3, and “disaster”, “natural
disaster”, and “hazard” are located far from “ecosystem/ecosystem service” and “green infrastructure”.
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This weak link could indicate a substantial gap between disaster mitigation and ecosystem service and
green infrastructure development. “Understanding” (cluster 2) is situated in the center of the diagram,
equally remote from both ecosystem (cluster 3) and natural disaster (cluster 4). “Understanding” also
has almost no linkages to technology/application and performance/energy (cluster 1). Together, these
may indicate that the current application of engineering resilience needs more scientific support, as
without an in-depth understanding of the resilient factors, the performance and technical application
of resilience theory cannot be improved and verified.

3.2. Research Focus/Topics and Relations on Resilience (Map of Keywords)

A keywords map was created, based on the co-occurrence of keywords, to study the underlying
structure of the different research clusters explained in Section 3.1 and their relationship with knowledge
groups and different research fields. In general, the closer keywords are located to each other on a
map, the stronger the relation between them. Out of 2359 keywords taken from all the papers, where
a minimum of 10 occurrences of a keyword was used to identify the most related knowledge and
research fields, 36 keywords met the threshold. The 36 keywords came from the four research clusters
identified in Section 3.1.

As can be seen in Figure 2, among all research topics, there are three linked research concentrations.
The first is the linkage between “climate change” and “management” and “adaptation”, which together
could represent environmental science research rooted in ecology with a focus on adaptation to climate
change in the urban environment. Biodiversity and the ecosystem are viewed as trending techniques
for realizing climate change management and adaptation. The United Kingdom, Canada, China, and
South Africa appeared as having the most research objects of interest. The second set of coupled
topics is sustainability and system management, where concentrations appear around energy efficiency
and buildings. The third set of coupled topics is vulnerability and urban resilience, which can be
interpreted as the connection between existing urban environmental conditions and the difficulty of
adapting to future conditions under climate change.

3.3. Research Gaps and Future Trends on Resilience

Overall, the term map indicates the gap between social–ecological resilience and engineering
resilience. Although there are some studies that discuss future and past views of the two types of
resilience, to a large extent, social–ecological resilience focuses on the understanding and interoperation
of potential development (forward thinking), while engineering resilience mostly relies on what
happened and responses to extreme events [4,37]. From the keywords map, despite the closely
connected major topics, there is quite a large number of uncoupled research interests, such as health,
information, consumption, operation, networks, heat-island, urban regeneration, and design. Those
topics represent potential research gaps that require further development and study, as well as
integration with existing resilience frameworks. For instance, the disconnect between ecosystem/green
infrastructure and building and energy efficiency is evidence of some reluctance in the building
and construction industry to consider the urban environment as part of a large ecosystem. Some
fundamental thinking and knowledge could be brought into the planning and design phase. For
example, the quality of ecosystem services and green infrastructure could protect urban dwellers from
natural hazards. The robustness and continuity of such services under conditions of shock or stress
are important.

Overall, the intellectual connection of research topics indicates potential research trends. After a
focused and in-depth qualitative review of the most influential studies and articles, we categorized
the resilience of urban environment research into three future research trends: urban resilience, risk
management, and sustainable development.
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Figure 2. Keywords co-occurrence map (by linkage), showing the relationship between research areas.

Urban resilience studies are closely related to adaptation, vulnerability, and community building,
and many of the research studies are written from a social–ecological perspective. There are also quite
a few technical reports produced by government and not-for-profit foundations and organizations [38].
This domain represents the fusion between ecology and social science. Risk management is closely
related to climate change, which has the potential to bridge the gap between disaster risk reduction
and climate change adaptation, as well as re-establish the connection between green infrastructure
building and urban design principles. In this domain, the research related to disaster reduction has
moved away from traditional disaster risk management, which mainly focuses on specific hazards
such as floods and other natural disasters. Instead, it has been expanded to a wide range of disruptive
events and social disturbance and stress, both stresses and shocks that could influence governance
and policy making. The third domain is sustainable development, which is mainly rooted in the
engineering, building, and construction fields. It does appear to have more frequent co-occurrence
with other critical terms, as the concept and practice of sustainability has a much longer history in
comparison to resilience; the two terms often appear as paired concepts. Through this exercise, we
could observe the evolution of the concept of sustainability.

3.4. Research Clusters on NZE (Map of Terms)

The process used in studying research domains within resilience was reapplied to the net zero
research domain, first creating a term map from 519 documents (articles, book chapters, and books).
This number is much lower than the quantity of research activities in the resilience domain. Therefore,
the occurrence frequencies of terms (text) of journals were determined based on a minimum number of
15 occurrences of a term, which is lower than the minimum used for resilience research. Out of the
15,438 terms—only half of the number of terms associated with resilience—167 met the threshold. For
each of those 167 terms, a relevance score was then calculated. Based on this score, the most relevant
terms were selected using the program’s default of the top 60% most relevant terms. Altogether,
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100 terms were selected for NZE research; the result is shown in Figure 3. Based on the VOSviewer
clustering technique, the terms in the data set were divided into four clusters, with a different color for
each research cluster.

• Cluster 1 (yellow): effect, rate/period (left)
• Cluster 2 (red): project/standard, net zero energy/practice, home (right)
• Cluster 3 (green): emission, energy source, water (middle)
• Cluster 4 (blue): zero energy building, heating/cooling/temperature, ventilation (upper)

Figure 3. Term map representing the main research areas on net zero in the built environment.

These clusters show four research areas across different disciplines related to NZE research
activities, which may be referred to as net zero impact (cluster 1), net zero energy practice in industry
(cluster 2), net zero emission (cluster 3), and techniques to achieve net zero energy building (cluster 4).
Cluster 4 has the greatest number of research activities, which center around NZE building and
temperature control. It is commonly known that NZE building mainly focuses on operating energy
reduction. Heating and cooling together account for more than 50% of overall operating energy
consumption, and the outside ambient temperature has a large influence on building heating and
cooling loads. Those facts could explain why heating, cooling, and temperature appear as critical
sub-topics in cluster 4. Cluster 2 and cluster 3 are of almost equal size, with cluster 2 containing more
items and cluster 3 having items aggregating toward one major focus area, “emission.” Cluster 1 has
the fewest research items and is connected to clusters 3 and 4, but has no connection to cluster 2. The
disconnection between clusters 1 and 2 indicates the limited verification and measurement of the
effectiveness of net zero development, particularly in the building industry. Such lack of verification
and measurement caused some concerns about the validity of the NZE building design and approach,
which presents a challenge and a gap as well as opportunities.
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3.5. Research Focus/Topics and Relations on NZE (Map of Keywords)

A co-occurrence map was created, using keywords, in order to study the underlying relationship
of research areas and then to predict future research trends (refer to Figure 4). Out of 2028 keywords
from all the papers, where a minimum of 10 occurrences of a keyword was used to identify the most
related knowledge and research fields, 43 keywords met the threshold. The 43 keywords came from
the four research clusters identified. As can be seen in Figure 4, strong relationships emerged among
the topics of design, system, efficiency, and performance.

Figure 4. Keywords co-occurrence map representing the relationship between different research topics
on NZE.

Among all research topics, there are two linked research concentrations. The first is the linkage
between “design” and “efficiency” and “system,” which reflects awareness of the important role of
design and systemic consideration in energy efficiency. The second linked research concentration is
“performance” and “simulation.” Office buildings, residential buildings, and embodied energy are
popular research topics associated with those two concentrations.

3.6. Research Gaps and Future Trends in NZE

As shown in Figure 4 (keywords map), there are two research gaps in NZE research. Firstly,
current research is primarily around renewable energy sources. Only one specific renewable energy
technology is present: photovoltaics. Limiting the focus to photovoltaics could hinder the search for
other alternative renewable energy resources for future net zero building development. Alternative
renewable energy resources such as hydro energy and biomass energy were not active in the urban
environment, but are more widely studied and applied in other fields, such as industry ecology. The
second research gap is identified by some important keywords that are missing, such as insulation,
standards and regulations Most of those missing keywords are associated with the practicality and
feasibility of NEZ. This might be explained by most studies found in the Web of Science database
and Elsevier’s Scopus database being academic research focusing on system, method, and framework
studies. But it does show that more future studies and research could be undertaken in the areas of
technology, techniques, and practical standards of NEZ. The lack of technique keywords might also
indicate a disconnection between academia and practice. The lack of research indicates gaps in both
knowledge and opportunities for future work.
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Based on the quantitative and qualitative research from previous sections, we then categorized
future research on NZE into four directions: office building; residential building; sustainability
management/strategies; and design. NZE research activities in office building have largely been
related to operating energy efficiency and environmental impact. With respect to residential building,
NZE research activities are mainly focused on embodied energy reduction and achieving an overall
net zero energy goal. Another difference between the first and second trends is the fact that in
residential building, design is a focal point, and the active research and practice activities involve
design practitioners such as architects, planners, and engineers. In contrast, in the office building field
the focus is around system and simulation, due to the large scale and complexity of office building.
Also, the inputs from numerous stakeholders demand a more systematic and high-level approach in
achieving a net zero goal in office building. The third and fourth trends are not associated with any
particular building types; instead, the focus is around the optimization of energy performance and
research on renewable energy production.

3.7. Most Influential Studies and Active Regions

The most influential studies of resilience, based on the citations and connections to others,
are Pickett’s “Resilient Cities: Meaning, Models, and Metaphor for Integrating the Ecological,
Socio-economic, and Planning Realms” [39] (ecology), which has been cited 490 times since 2003, and
Head’s “Suburban Life and the Boundaries of Nature: Resilience and Rupture in Australian Backyard
Gardens” [40], which has been cited 103 times since 2006 (refer to Figure 5). These studies cover diverse
fields that include ecology, economics, environmental science, geology, landscape architecture and
regional planning. Generally, they could be categorized as social-ecological research and studies. To
date, there are no influential studies about engineering resilience.

 

Figure 5. Citation map representing influential studies (resilience).

The most influential studies of NZE are Hernandez and Kenny’s “From Net Energy to Zero
Energy Buildings: Defining Life Cycle Zero Energy Buildings” [10] (engineering), which has been
cited 332 times since 2010, Marszal and team’s “Zero Energy Building: A Review of Definitions and
Calculation Methodologies” [41] (engineering), which has been cited 598 times since 2011, and Sartori
and team’s “Net Zero Energy Buildings: A Consistent Definition Framework” [42] (architectural
engineering), which has been cited 375 times since 2012. These studies are mainly from the architectural
engineering field; research activities accelerated from 2011 and reached a peak in 2015 (refer to Figure 6).
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Figure 6. Citation map representing influential studies (net zero).

The most influential countries in the research domain of NZE in the urban environment are: the
United States, with 156 research documents and 814 total citations; Italy, with 49 documents and
891 total citations; and Norway, with 24 documents and 615 total citations. China is the only developing
country on the list and ranks fifth, after Canada, with 44 publications and 320 citations. This is likely
due to China’s rapid urbanization and the demand for the control of pollution caused by excessive
emissions (refer to Figure 7).

 
Figure 7. Citation map representing influential countries (net zero).

4. Discussion: Difference and Divergence of Research Activities

The concepts of net zero and resilience are both rooted in ecology, originally looking at the built
environment from a systematic perspective [4,7,8,15–19]. However, the two disciplines have taken quite
different approaches and directions in recent years. Resilience studies were promoted due to the urgency
of severe climate change events such as flooding, wildfire, and extreme temperatures. The three research
focus areas of urban resilience [38], risk management [43], and sustainable development recognize
the vulnerability of the urban ecosystem [39,44]. and the necessity to adapt to climate change [37].
In general, resilience studies in the urban environment take a more holistic and comprehensive
approach and take into account long-term strategies. In comparison to resilience, the research around
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NZE has limited scope. Unlike resilience studies, the research activities on NZE have moved away
from its ecological origin, to focus on particular building types [42] and design applications [41]. The
lifecycle approach of the original net energy concept, which developed from ecology, was replaced by
a performance-driven, building-types-driven engineering approach [10]. This relatively narrow focus
might be seen as a deviation from the original ecological roots, which used energy flow to measure the
sustainability, accessibility, and efficiency of a system. The narrowed focus was driven by multiple
market needs, industry preference, and political incentives. Among many factors, the search for a
consistent and common definition of net zero building has been a singular focus over the past five
years due to strong interest and the quantity of new construction projects around the world [42].

Unlike research related to resilience, the three most influential papers for NZE focus on net zero
building measurement and application, and the most influential thinkers, researchers, and institutions
are primarily in the building and construction industry. Those net zero studies only address CO2

emissions from buildings that affect climate change, and do not consider the influence of climate
change on urban environments at a higher level. They pay only limited attention to the effects of
climate change or ecosystem change on net zero building design strategies.

Another main difference between net zero research and resilience research is coverage. It appears
that resilience not only covers a wide range of fields, but also has research contributions from both
developed nations (such as the US, the Netherlands, and Sweden) [4,35,36] and developing countries
(such as China and India) [18]. This might be because resilience is in more emergent need in developing
countries, since they are more vulnerable to natural disasters due to their lack of robust infrastructure
and prevention methods. On the other hand, net zero research is mostly undertaken in developed
countries, including the United States and some of the western European countries.

Resilience and net zero are two primary research focus areas in the urban environment related
to sustainable development, and bridging them could potentially yield rich results. Recently, there
have been some studies that integrated the holistic and multi-disciplinary resilient approach in energy
development. Sharifi and Yamagata [45] used a resilience framework to measure the sustainability
of an energy system. They suggest that the energy system could be evaluated based on availability,
accessibility, affordability, and acceptability, which is more holistic than the current efficiency-centric
criteria. Torcellini et al. [46] identified metrics useful for implementing guidance for energy-related
planning, design, investment, and operation. The metrics include energy reduction, energy resource
diversity, energy storage, preventive maintenance on energy systems, and other metrics in physical,
information, and human interaction categories. Beheshtian et al. [47] created a model to measure the
long-term resilience of transportation energy infrastructure in Manhattan, NY.

5. Conclusions

This paper presents findings from a literature review of two topics with shared ecological
intellectual roots. The literature review was conducted with both quantitative and qualitative
approaches. It scanned 1821 papers in the resilience research domain and 592 in the NZE research
domain, all from the period of 1970 through 2018. Citation analysis, co-citation analysis, and text data
mining were carried out using new data mining software, VOSviewer, to determine influential studies,
thinkers, and concentrated research topics and their correlations. Based on the findings, conclusions
can be drawn as follows. This paper provides an initial step in understanding the research activities of
the past five decades in these two areas and their connection to their ecological roots.

‘Net zero’ and ‘resilience’ have overlapping origins in ecosystem and systems ecology. ‘New zero’
stems from Georgescu-Roegen’s application of entropy to ecological economics and Odum’s systems
ecology and development of the emergy concept. ‘Resilience’ stems from Holling being influenced
by developments in systems ecology that drew together a more formal mathematical approach to
systems analysis of ecological cases. Developments in systems ecology in the 1960s largely forms the
connection between the two research fields through Holling and Odum. However, despite the richness
of research on both NZE and resilience in the urban environment, and despite the shared ecological
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roots of NEZ and resilience, the literature on both energy resilience and comparisons between NZE and
resilience is very limited, almost non-existent. Unlike resilience studies, NZE research has relatively
narrow coverage and has moved away from its ecological origin. The transformation of current NZE
practice and concept will be crucial for climate change stabilization. Applying the existing resilience
ecological framework to NEZ research could shift the focus on application and individual buildings to
broader systematic consideration.
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Abstract: The problem of air pollution in Korea has become progressively more serious in recent
years. Since electricity is advertised as clean energy, some newly developed buildings in Korea
are using only electricity for all energy needs. In this research, the annual amount of air pollution
attributable to energy under the traditional method in a dormitory building, which is supplying both
natural gas and electricity to the building, was compared with the annual amount of air pollution
attributable to supplying only electricity. The results showed that the building using only electricity
emits much more air pollution than the building using electricity and natural gas together. Under
the traditional method of energy supply, a residential solid oxide fuel cell cogeneration system
(SOFC–CGS) for minimizing environmental pollution of the building was simulated. Furthermore,
as a high load factor could lead to high efficiency of the SOFC–CGS, sharing of the SOFC–CGS by
multi-households could increase its efficiency. Finally, the environmental pollution from using one
system in one household was compared with that from sharing one system by multi-households. The
results showed that the environmental pollution from sharing the system was relatively higher but
still similar to that when using one system in one household.

Keywords: environmental impact; device efficiency; air pollutant; multi-households; solid oxide fuel
cell cogeneration system

1. Introduction

1.1. Research Background

Electricity as non-combusted energy is advertised to the public as clean energy. Since the price of
natural gas and the price of electricity for residential use are similar [1], in the areas of architecture and
construction, some real estate developers have been developing new buildings using only electricity
for power. However, as a secondary energy resource, electricity is either clean or not clean depending
on the electricity generation procedure. In Korea, 39% of electricity is generated from burning coal and
only 4% is generated from renewable resources as seen in Figure 1 [2].
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Figure 1. Electricity generation system in Korea.

The traditional method of supplying energy to a building in Korea is mainly using natural gas for
heating and hot water and using electricity for lighting, cooling, and equipment. A recent method
of supplying energy to a building is using only electricity for all energy needs in the building. This
research compared the annual amount of air pollution attributable to energy under the traditional
method in a dormitory building, which is supplying both natural gas and electricity to the building
and the annual amount of air pollution attributable to supplying only electricity.

A solid oxide fuel cell (SOFC) is a clean energy device for generating electricity by consuming
hydrogen or natural gas. By utilizing chemical interaction in the cell stack during the process of
electricity generation in SOFC, there is no environmental pollution. However, there is a large amount
of heat dissipation during SOFC operation. In order to improve the efficiency of SOFC, the SOFC
cogeneration system (SOFC–CGS) was developed to collect and use the heat loss. The heat dissipation
generated from SOFC is collected by residential SOFC–CGS and supplied to a hot water tank for hot
water demand of a household. A fuel cell as a clean energy system is widely studied for residential
use. In recent years, various researches were done about optimizing the operation efficiency of a
fuel cell. Some scholars proposed efficiency optimization methods of a fuel cell through improving
working principles of electronic components. Wang et al. proposed a novel stack and converter
interpreted design scheme to improve the converter efficiency [3]. A micro tri-generation system
could increase the system efficiency to over 90% [4]. An energy management system could also
achieve cost reduction, CO2 mitigation, and energy consumption [5]. Some scholars aim to find a
way to improve the efficiency of a fuel cell from analysis of energy demand, energy distribution,
and energy supplication of a fuel cell. Adam et al. presents a multi-objective modeling approach
that allows an optimized design of micro-combined heat and power (CHP) systems considering the
source, distribution and emission requirements in unison to achieve more efficient whole systems [6].
Coordination between utilization factor of SOFC and features of a DC/AC (Direct current/Alternating
current) inverter is also an efficient control strategy for SOFC operation [7]. Some researchers have
combined a photovoltaic, battery, or heat pump with a fuel cell to satisfy the energy needs by a
household while reducing cost and CO2 emission [8–10]. From a wider energy supply perspective,
SOFC was considered to supply energy for both households and EV (Electric vehicle) to improve the
efficiency and energy supply capacity of SOFC. Using a hydrogen supply system for a residential fuel
cell to provide energy for fuel cell vehicles is also a method to solve the problem of lacking hydrogen
stations for fuel cell vehicles [11,12]. Field experimental studies demonstrated that a residential fuel
cell could significantly reduce the CO2 emissions and primary energy consumption [13]. Accurate
mathematical models were developed to analyze the performance of SOFC. A 1D dynamic model
was built for studying system integration and developing adequate energy management and control
strategies of SOFC systems [14]. Gallo et al. developed a model of a non-conventional SOFC system
by applying a lumped energy balance to each component. This model could efficiently increase the
heat exchanges inside the system. This model is verified by experiments and applicable to numerous
layouts [15]. According to reference [16], a fuel cell is mainly used in America, Europe, South Korea

189



Energies 2019, 12, 3893

and Japan worldwide. From environmental aspect, analysis of CO2 reduction by a fuel cell was also
shown in recent researches from Europe, Japan and South Korea. Fuel cell for EV is mainly applied
and investigated in Korea. Environmental impact of CO2 reduction and emission by fuel cell EV is
conducted [17,18]. In order to encourage the utilization residential fuel cell in households in Korea,
Lim et al. did a study in the view of CO2 emissions reduction by applying residential fuel cell [19].
European researchers did several analyses of applying SOFC in the industrial area to reduce CO2

emission [20,21]. On the other hand, a residential fuel cell is mainly studied in Japan in recent years.
The CO2 emission density of a public power plant was used to calculate the amount of CO2 emission
and CO2 reduction can be calculated by a simulating application of a fuel cell in a household [22–24].
The same calculation method was used for environmental analysis in this research. From the energy
demand oriented research, Ozawa et al. indicates that SOFC–CHP systems can drastically reduce
greenhouse gas (GHG) emissions from a particularly small-sized household [24]. Another aspect
studied in this research is the efficient operation of SOFC–CGS in small-sized households in a dormitory
building by using a exist model of SOFC–CGS from Japan [25–27]. This study analyzed efficiency
improvement and environmental impact of operating SOFC–CGS in a dormitory building in Korea by
simulating SOFC–CGS operation in multi-households. Under the traditional energy supply method,
solid oxide fuel cell cogeneration system (SOFC–CGS) was attempted to simulate applying in the target
building of this research. The target building was a dormitory building near a university in Korea.
In Korea, the dormitories inside the university campus usually cannot accommodate all of the students
registered in the university. Thus, most of the students have to rent a small room for living off campus.
Therefore, there are a lot of dormitory buildings near universities in Korea. The dormitory building
usually contains several households in each floor and area of one household is around 20 to 30 m2,
which can only accommodate one or two students. The target building is near a university campus in
Busan. Specifications of the target building can be checked in Table 1 in Section 2.1. SOFC–CGS is a
clean energy system that does not release any air pollutants when it generates electricity [6,14,24,28].
The device efficiency and environmental impact were analyzed under the conditions of applying one
system to one household and applying one system to multi-households to identify the most appropriate
way to operate SOFC–CGS in the building. The model of SOFC–CGS is introduced in Section 4. Four
different types of energy supply were considered in this research. The first type was supplying only
electricity to the building, and the second type was supplying natural gas and electricity together.
According to the analysis result, the second energy supply type emits a relative smaller amount of
air pollutants than the first type and the efficiency of using natural gas directly by combustion is
much higher than using natural gas by SOFC for heating. Therefore, the third type was applying one
SOFC–CGS to one household under the second energy supply type, and the fourth type was applying
one SOFC–CGS system to multi-households under the second energy supply type.

Table 1. Building specifications.

Parameter Specific Characteristic

Area 172.3 m2

Structure Steel–concrete
Envelop Concrete

Aboveground Stories 4
Underground Stories 0

Story height 2.6 m
Height 10.4 m
Width 12.6 m
Length 14.5 m

Service life 50 years
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1.2. Research Methodology

This study mainly used the commercial software Design Builder (Version 4.5, DesignBuilder
Software Ltd, London, UK) to predict energy consumption of the building. In the second part of this
research, to simulate operating the SOFC–CGS in the building, a calibrated SOFC–CGS mathematical
model was programmed using Visual Basic.NET. The research target building was modeled using
Design Builder, and the one-year hourly energy consumption of the building was also predicted using
this software. Design Builder as a calibrated software is made in England. This software was mainly
used for energy analysis of the building. The calculation model of this software is EnergyPlus (Version
8.2.0, Department of Energy, Washington, USA), which is a calculation engine invented in America for
analyzing the heating, cooling, lighting, ventilation, etc., of a building. There are several calculation
engines for energy consumption prediction from which DOE-2 (Version 2.1E, Department of Energy,
Washington, USA), DeST (Version 2.0, Tsinghua University, Beijing, China), and EnergyPlus are mainly
used for the analysis of the energy consumption of buildings. Xin et al. compared the simulation
performance among these three different calculation engines. Compared with EnergyPlus and DeST,
DOE-2 is limited in the basic assumption of the heating, ventilation and air conditioning (HVAC)
system calculations [29]. Therefore, the commercial software Design Builder with the calculation
engine EnergyPlus was chosen for doing this research. The air pollutants of the research target building
were calculated and compared under the conditions of using the traditional method of supplying
energy to the building and new method of supplying energy to the building by referring to the air
pollutant emission densities of electricity and natural gas in Korea. Finally, the environmental impact
and efficiency analyses of operating the SOFC–CGS in the building were conducted.

2. Energy and Environmental Analysis of the Dormitory Building

2.1. Modeling of the Dormitory Building

There are a lot of dormitories for accommodating students near the campus of universities in
Korea. Each room in the buildings typically can accommodate one or two students. Most of the
dormitory buildings are constructed so that there is a supply of natural gas and electricity to the
building. However, recently, some newly developed dormitory buildings have been constructed to use
only electricity for all of the energy needs. One of these newly developed buildings was selected for
this research. To predict the energy consumption of the building, a model of the building was made
using Design Builder, and the 3D model and configuration are shown in Figure 2.

  
(a) (b) 

Figure 2. 3D model and configuration of the dormitory building. (a) 3D model; (b) Configuration.

According to the energy and environmental analysis of the dormitory building in a previous
study [30], to predict the energy consumption of the building precisely, weather data of Busan, Korea,
were acquired, and the occupancy schedule of different partitions of the building were referred from
ASHRAE standard 90.2, 2010 [31]. Basic weather data were listed in Table 2. Moreover, the energy
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consumption standard of a building in Korea was referred from the Korean Energy Agency to build the
model. According to this standard, heating, cooling, resident density, lighting density, and equipment
density were set as in Table 3 [32]. According to Korean Construction Law, the construction thermal
specifications of external wall, internal wall, roof, and floor were set, as listed Table 3 [32–34]. Since
this building uses only electricity, cooling and heating were both set from electricity. Table 3 briefly
summarizes the building specifications of the dormitory building.

Table 2. Climate specifications of Busan.

Climate Specification Value

Latitude 35◦32′ N
Longitude 129◦19′ E

Average annual temperature 14.05 ◦C
Average max annual temperature 35.4 ◦C
Average min annual temperature –8.8 ◦C
Average annual relative humidity 63.40%

Average solar radiation 106.15 Wh/m2

Average annual wind speed 1.93 m/s
Elevation above sea level 33 m

Table 3. Construction specifications.

Parameter Specific Characteristic

Orientation West to East
External wall 0.58 W/m2K
Internal wall 2.92 W/m2K

Roof 0.27 W/m2K
Glazing 3.12 W/m2K

Infiltration rate 0.3 ac/h
Ventilation rate 3 ac/h

Equipment 5.38 W/m2

Lighting 3.88 W/m2

Occupancy 0.054 people/m2

HVAC/Heating Dedicated hot water boiler
(electricity)

HVAC/Cooling Electricity from grid
Set point temperature Summer 26 ◦C, Winter 22 ◦C

2.2. Energy and Environmental Analyses

According to the building model made using Design Builder in Section 2.1, the one-year energy
consumption of the building was predicted. The energy analysis result showed that the one-year energy
consumption of the building was 87,830.78 kWh when only electricity was used in the building. On the
other hand, when natural gas and electricity were used together, the one-year electricity consumption
was 18,013.7 kWh and the one-year natural gas consumption was 69,817.1 kWh.

To calculate the annual air pollutants emission of the building, the air pollutant emission densities
of electricity and natural gas were referred from the Korea Environmental Industry and Technology
Institute, as listed in Table 4 [32,35]. The one-year air pollutants of the building when only electricity
was supplied and when natural gas and electricity were supplied together were calculated and
compared. The environmental analysis result showed that the amount of CO2 emission was much
larger when the building used only electricity than when the building used electricity and natural gas
together, as shown in Figure 3. On the other hand, emissions of other air pollutants, such as CH4, N2O,
SO2, CO, NOX, and NMVOC, were much lower than CO2 emission. This means that the building
using natural gas and electricity together was much cleaner than the building using only electricity for
all energy needs.
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Table 4. Air pollutant emission densities of electricity and natural gas.

Air Pollutant Electricity (kg/kWh) Natural Gas (kg/kWh)

CO2 4.87 × 10−1 3.94 × 10−2

CH4 3.50 × 10−4 2.01 × 10−4

N2O 1.35 × 10−6 1.72 × 10−7

SO2 0.00 × 100 4.22 × 10−4

CO 5.00 × 10−5 9.91 × 10−5

NOX 1.20 × 10−4 5.67 × 10−4

NMVOC 2.00 × 10−5 1.04 × 10−6

 
(a) 

 
(b) 

Figure 3. Comparison of air pollutant amounts between the building using only electricity and the
building using electricity and natural gas together. (a) Comparison of amount of CO2 emission
(b) Comparison of amount of other air pollutants emission.

3. Modeling of SOFC–CGS

The residential fuel cell as a clean energy device is used widely in Japan. Since environmental
problems including air pollution have been getting worse recently in Korea, implementation of the
residential fuel cell as a clean energy device in buildings in Korea is necessary. Therefore, this research
analyzed the efficiency and environmental impact of operating SOFC–CGS in a dormitory building in
Korea, as mentioned in previous sections.

Typical approaches of fuel cell modeling in recent research were summarized in Table 5. In order
to evaluate and optimize the performance of fuel cell, electrochemical models were developed to
simulate the specific chemical and energy interaction inside the cell stack [36–38]. On the other hand,
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in order to evaluate and improve the device operation efficiency and CO2 reduction by using fuel cell
for transportation or residential, fuel cell modeling by mainly using device efficiency was developed
to simulate operating fuel cell in household or for EV [11,22,24]. In this research, the modeling of
SOFC–CGS by mainly using the efficiency of the device was developed to simulate the application of
SOFC–CGS in a dormitory building in Korea.

Table 5. Typical approaches of fuel cell modeling.

System System Application Model Application Main Design Variables

SOFC [36] Cell stack Electrochemical model
Volumetric rate generated thermal

energy, rate of production of species,
area specific resistance

SOFC–CGS [37] Stationary Electrochemical model
Partial pressure of methane, reaction

rate of steam reforming, cell
temperature

SOFC [38] Cell Stack Electrochemical model
Partial pressure of species, anodic and
cathodic charge-transfer coefficients,

exchange current density

SOFC–CGS [22] Stationary Device efficiency
Efficiency of electricity generation,
efficiency of heat collection, water

temperature

SOFC–CGS [11] Stationary/Transportation Device efficiency
Electric demand of cafeteria, required

electricity for EV charging, electric
power generated by SOFC–CGS

SOFC–CHP/PEMFC–CHP [24] Stationary Device efficiency
Power generation efficiency of the fuel
cell, heat recovery efficiency of the fuel

cell, heat loss rate of the tank

3.1. Explanation of SOFC–CGS

Residential SOFC, as a clean energy supply device, has relatively low efficiency. Due to heat losses,
the highest electricity generation efficiency of SOFC is about 46.4% [24,27]. To improve the efficiency
of SOFC, SOFC–CGS was developed [24,25,27]. Heat losses from SOFC are collected to heat water, and
a backup boiler is used for reheating the water to meet the demand temperature. A 28 L water storage
tank was used in this system, as illustrated in Figure 4. SOFC uses natural gas to generate electricity to
supply the electricity demand of a household. The heat losses of SOFC are collected and transferred
to the water storage tank by a water tube. The limit temperature control of the storage tank is 65 ◦C,
and the temperature of the storage tank is adjusted by controlling the water flow rate in the tube that
collects heat from the SOFC. If the input water temperature through the radiator is higher than 34 ◦C,
the radiator reduces the water temperature to 34 ◦C, then the water can enter the SOFC to collect heat.
Hot water outputs from the storage tank to the household when hot water is needed. In this system,
the city water temperature was set as 15 ◦C, and the hot water temperature demand was set as 40 ◦C.
The output water temperature from the water mix device was set to be equal to or less than 33 ◦C. If
the water output from the storage tank was equal to or less than 33 ◦C, hot water directly entered the
backup boiler for reheating of the water to 40 ◦C and then the hot water at 40 ◦C was provided to the
household. If the output water temperature from the storage tank was higher than 33 ◦C, the water
mix device mixed city water and water from the storage tank to attain the temperature of 33 ◦C, and
then, through the backup boiler, water was heated to 40 ◦C to supply the household. This system is
illustrated as Figure 4. The specifications of the SOFC–CGS in this study are shown in Table 6, and the
efficiency of electricity generation and heat collection of the SOFC–CGS are shown in Figure 5. The
mathematical equation of the electricity generation efficiency is written as Equation (1). The efficiency
of heat collection of the SOFC–CGS was constantly 31%.

EFFElSup = 0.6868LF3 − 1.6829LF2 + 1.4601LF. (1)
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Figure 4. Working principle of the solid oxide fuel cell cogeneration system (SOFC–CGS).

Table 6. Specifications of the SOFC–CGS.

Type of Cell Stack SOFC (Solid Oxide Fuel Cell)

Rated electrical output 700 W
Max running time 26 days

Standby time for start 1 day
Water tank volume 28 L

Reaction to overheating Heat dissipation by radiator
Efficiency of heat collection 31%

Water temperature from tank to backup boiler 40 ◦C
Efficiency of electricity generation 46.4%

 

Figure 5. Efficiency of the SOFC–CGS.

In the equation, EFFElSup is the efficiency of electricity generation of the SOFC and LF is the load
factor of electricity generation.

3.2. Mathemetical Model of SOFC–CGS

In this study, the mathematical model of SOFC–CGS was referred from recent research from
Kyushu University [25–27]. The electricity generation calculation follows the steps below. Firstly,
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depending on the electricity generation tracking speed, the maximum electricity supply capability can
be determined by Equation (2):

PSupmax = −PElSup + VElSupSpItint, (2)

where PSupmax is the maximum electricity supply capability, PElSup is the amount of electricity generation,
VElSupSp is the electricity generation tracking speed, and Itint is the calculation time interval. Then,
according to the household electricity demand, the electricity supply from SOFC can be determined.
Following Equations (3) and (4), the amount of natural gas consumption by SOFC can be calculated:

LF =
PElSup

PElMax
(3)

PEhCell =
PElSup

EFFElSup
, (4)

where LF is the load factor of electricity generation, PElMax is maximum electricity generation capacity
of SOFC, PEhCell is the amount of natural gas consumption of SOFC, and EFFElSup is the efficiency of
electricity generation. The amount of heat output from SOFC can be calculated by Equation (5):

PHtSup = PEhCellEFFHtSup, (5)

where PHtSup is the amount of heat output from SOFC and EFFHtSup is the heat output efficiency of
SOFC, which is 31%.

The water flow rate in the water tube that collects heat can be calculated using either Equation (6)
or Equation (7). If the input water temperature through the radiator unit is higher than or equal to
34 ◦C, Equation (6) is used to calculate the water flow rate in water tube; otherwise, Equation (7) is
used to calculate it.

VwCell =
PHtSup

Cw(T out−34)
(6)

VwCell =
PHtSup

Cw(T out−Tin)
. (7)

In the equations, VwCell is the water flow rate in the water tube; PHtSup is the amount of heat
supply from SOFC; Tout is the target output water temperature from the SOFC, which was set as 65 ◦C
in this study; Tin is the input water temperature to the radiator unit; and Cw is the specific heat of water.

If the water temperature is higher than 34 ◦C, the heat dissipation of the radiator unit is determined
by Equation (8); otherwise, the heat dissipation of the radiator unit is zero:

PRad = VwCellCw(Tout − Tin), (8)

where PRad is the heat dissipation from the radiator unit. The amount of heat output from the backup
boiler is determined by Equation (9), and the amount of gas used in the backup boiler is calculated
from Equation (10):

PBBSup = VolHwDmdCw(TDmd−TBBin), (9)

PBBUse =
PBBSup

EFFBB
, (10)

where PBBSup is the amount of heat output from the backup boiler, PBBUse is the amount of gas used in
the backup boiler, TDmd is the water temperature demand from the household, TBBin is the input water
temperature to the backup boiler, VolHwDmd is the amount of hot water demand from the household,
PBBUse is the amount of gas used in the backup boiler; and EFFBB is the working efficiency of the
backup boiler, which was set as 95% in this study.
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The calculation flow of the program and the input data are shown as Figure 6 and Table 7.

 

Figure 6. Calculation diagram of the program.

Table 7. Input data of the program.

Input Data Unit/Value

Electricity demand W
Hot water demand L/Time unit

Setting temperature of backup boiler 40 ◦C
Outside temperature Data from ASHRAE

Temperature of city water 15 ◦C
Temperature of hot water demand 40 ◦C

4. Simulation of Operating SOFC–CGS in the Dormitory Building

As mentioned in Section 2, the energy consumption for heating the research target building in
winter was significant. Since using electricity from the public power plant results in much more air
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pollution than using natural gas for heating and because the efficiency of directly using natural gas for
heating was much higher than that of using natural gas to generate electricity for heating by the SOFC,
in this research, energy for heating was not considered as being supplied from the SOFC. Aside from
heating, the SOFC–CGS provides electricity and hot water to the households.

The research target building had four floors, and each floor had the same structure with five
households. As the energy consumption of each household was predicted by the calibrated commercial
software Design Builder, the energy consumption pattern and amount were the same for each floor.
Thus, the first floor was chosen for this research. As mentioned previously, there were five households
in first floor, and the energy consumption pattern was similar among the five households in the first
floor. According to schedule of ASHRAE standard for residential house [31], the electricity and hot
water consumption patterns of representative dates of each season of household 1 in the first floor are
shown as Figure 7. As heating energy was provided directly by natural gas, it was not considered in
simulating the operating SOFC–CGS. The yearly energy consumption of each household in the first
floor is shown as Figure 8.

 
(a) 

 
(b) 

 
(c) 

Figure 7. Representative daily data of electricity demand and hot water demand of household 1 in
each season. (a) Data in summer; (b) Data in winter; (c) Data in intermediate seasons.
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Figure 8. Yearly energy consumption of each household in the first floor.

To improve and analyze the efficiency of SOFC–CGS, one SOFC–CGS was simulated to operate
in either only one household or in multi-households (two or three households). According to the
yearly energy consumption of each household, as shown in Figure 8, household 2 ranked the lowest
and household 3 ranked the highest. Therefore, in order to form a balance, households 2 and 3 were
simulated as sharing one SOFC–CGS, and households 1, 4, and 5 were simulated as sharing one
SOFC–CGS. Hourly data of electricity demand, electricity generation, and heat output from the SOFC
and the heat reduction amount from the radiator at representative days in the year in summer are
shown as Figures 9–11 below.

 
(a) 

 
(b) 

Figure 9. Hourly simulation data of household 2. (a) Data of electricity generation and electricity
demand; (b) Data of heat reduction and heat supply.
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(a) 

  
(b) 

Figure 10. Hourly simulation data of household 3. (a) Data of electricity generation and electricity
demand; (b) Data of heat reduction and heat supply.

 
(a) 

 
(b) 

Figure 11. Hourly simulation data of households 2 and 3. (a) Data of electricity generation and
electricity demand; (b) Data of heat reduction and heat supply.

As the data of the simulation results were large, the simulation results of households 2 and 3
were selected for presentation in this research. Figures 9 and 10 show the simulation results when
operating one SOFC–CGS for one household. Figure 11 shows the simulation results when sharing one
SOFC–CGS by multi-households. The load factor of SOFC–CGS was increased when multi-households
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share one SOFC–CGS, as in Figure 11. This means that the electricity generation efficiency of SOFC–CGS
was improved. Additionally, the ratio of heat reduction amount by the radiator was reduced when
SOFC–CGS was shared by multi-households, as shown in Figure 11, which means that the efficiency of
heat usage for hot water was increased.

5. Analysis of Efficiency and Environmental Impact of SOFC–CGS

5.1. Analysis of SOFC–CGS Efficiency

The yearly energy consumptions of simulating the operation of one SOFC–CGS to one household
and multi-households are shown as Figure 12. The natural gas consumption by SOFC, electricity
generation by SOFC, purchased electricity, and natural gas consumption by the backup boiler were
higher when simulating the operation of one SOFC–CGS for multi-households than when simulating
for one household. The electricity consumption by SOFC was constant because electricity was only
used when the SOFC started or restarted. Increasing electricity generation led to increasing efficiency of
electricity generation by SOFC. The reason for this was that sharing one SOFC–CGS to multi-households
led to increasing electricity and hot water demand for the one SOFC–CGS.

 

Figure 12. Yearly energy consumptions of simulating one SOFC–CGS for one household
and multi-households.

According to Figure 13, the electricity generation efficiency of SOFC ranged from 13% to 22% and
the heat usage efficiency ranged from 22% to 23% when simulating the operation of one SOFC–CGS for
one household. The efficiency of electricity generation of SOFC was increased to range from 28% to 29%
and the heat usage efficiency was increased to range from 24% to 25% when multi-households share
one SOFC–CGS. The percentages of losses from different components of SOFC–CGS of simulating
operation of one SOFC–CGS to one household and sharing one SOFC–CGS by multi-households are
compared in Figure 14. The losses in fuel cell and radiator were decreased when multi-households
share one SOFC–CGS. In another aspect, sharing one SOFC–CGS by multi-households increased
the electricity demand from the public power plant, which leads to more air pollution. The specific
environmental analysis is shown in Section 5.2.
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Figure 13. Yearly electricity generation and heat output efficiencies of simulating using one SOFC
cogeneration system for one household and multi-households.

 

Figure 14. Yearly energy losses of simulating using one SOFC–CGS to one household
and multi-households.

5.2. Analysis of Environmental Impact of SOFC–CGS

Including the two previous cases of energy supply types in the building in Section 2, four
different cases of energy supply types are explained and summarized in Table 8. In the first case, only
electricity was supplied to the building, while in the second case, natural gas and electricity together
were supplied. According to the analysis result, the second energy supply type emitted a relatively
smaller amount of air pollutants than the first type and the efficiency of using natural gas directly by
combustion was much higher than using natural gas by SOFC for heating. Therefore, in the third
case, one SOFC–CGS was applied to one household under the second energy supply type, and in
the fourth case, one SOFC–CGS was applied to multi-households under the second energy supply
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type. The environmental analysis for the entire building (four stories) under the four different cases of
energy application types is shown as Figure 15. According to the result of the environmental analysis,
the amount of CO2 emission was most significant in the case of using only electricity in the building.
The CO2 emission of the second case, using natural gas and electricity together in the building, was
much lower than in the case of using only electricity in the building. Under the energy supply type
of the second case, when SOFC–CGS was simulated as operating in the building, the CO2 emission
was significantly reduce to range from 3057.2 to 4120.6 kg/year. The case of operating one SOFC–CGS
for one household gave the lowest CO2 emission. Due to the purchased electricity from the public
power plant was increased from the third case to the fourth case as shown in the energy analysis in
Figure 12, the fourth case resulted in a higher air pollutants emission than the third case. However, the
case of sharing one SOFC–CGS among multi-households had a higher system efficiency than the case
of operating one SOFC–CGS for one household, as indicated by the analysis result in Section 5.1. In
another aspect, the difference of CO2 emission between cases three and four was not significant, as in
Figure 15; therefore, the case of sharing one SOFC–CGS among multi-households was recommended.
According to Figure 15, the emission amounts of the pollutants other than CO2 of the four different
cases were much lower than the CO2 emissions of the four different cases.

Table 8. Explanation of cases for environmental analysis.

Case Number Case Name Energy for Heating/Hot Water
Energy for Other Needs in

Household

1 Using only electricity Purchased electricity from power
plant

Purchased electricity from power
plant

2 Using natural gas and
electricity

Direct natural gas (heating and
hot water)

Purchased electricity from power
plant

3 One SOFC–CGS for one
household Direct natural gas (heating)

Individual SOFC–CGS for one
household and purchased electricity

from power plant

4 One SOFC–CGS to
multi-households Direct natural gas (heating)

Shared SOFC–CGS for
multi-households and purchased

electricity from power plant

(a) 

Figure 15. Cont.
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(b) 

Figure 15. Comparison of air pollutant amounts of the building under the four different energy
supply types. (a) Comparison of amount of CO2 emission (b) Comparison of amount of other air
pollutants emission.

6. Conclusions

Residential SOFC, as a clean energy device, continues to be researched by researchers in the field
of architecture. However, as the efficiency of SOFC is relatively low, SOFC–CGS has been studied
recently by many researchers. In this research, the environmental and efficiency impacts of operating
SOFC–CGS in a dormitory building in Korea were analyzed. As a newly developed building, the
research target building was constructed with electricity as the only energy resource. Analysis of this
strategy was required. Firstly, in this study, the environmental impact was compared between the
cases of using only electricity (new way) and using electricity and natural gas (traditional way) in the
building. The analysis result showed that the traditional way of energy supply type in the building
emits less air pollution than the new way. Secondly, based on the traditional energy supply type,
operating SOFC–CGS in the building was simulated. The efficiency and environmental impact were
analyzed, and these were compared between the cases of simulating one SOFC–CGS in one household
and sharing one SOFC–CGS among multi-households. The specific conclusions are listed below.

(1) The comparison analysis between supplying only electricity to the building and supplying
electricity and natural gas together showed that supplying electricity and natural gas together results
in much less air pollution than supplying only electricity.

(2) Under the energy supply type of supplying electricity and natural gas together to the building,
SOFC–CGS was simulated in the building under the conditions of operating one SOFC–CGS in one
household and sharing one SOFC–CGS among multi-households. The electricity generation efficiency
of SOFC ranged from 13% to 22% and the heat usage efficiency ranged from 22% to 23% when
simulating operation of one SOFC–CGS in one household. The electricity generation efficiency of
SOFC increased to range from 28% to 29% and the heat usage efficiency increased to range from 24% to
25% when multi-households shared one SOFC–CGS.

(3) The four different cases of energy supply type for environmental analysis were summarized in
Table 8. According to the results of the environmental analysis, the CO2 emission was significantly
reduced from 11,527.4 kg/year to 3057.2 kg/year when simulating the operation of one SOFC–CGS
in one household under the energy supply type of case two. On the other hand, the CO2 emission
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was significantly reduced from 11,527.4 kg/year to 4120.6 kg/year when simulating the sharing of one
SOFC–CGS among multi-households. The emission amounts of pollutants other than CO2 of the four
different cases were much lower than the CO2 emissions of the four different cases.

(4) The difference of CO2 emission between a simulating operation of one SOFC–CGS in one
household and the sharing of one SOFC–CGS among multi-households was not significant. Meanwhile,
simulating the sharing one SOFC–CGS among multi-households led to higher efficiency than simulating
the operation of one SOFC–CGS in one household. Therefore, sharing one SOFC–CGS among
multi-households in a dormitory building is recommended.
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Abbreviations

SOFC Solid oxide fuel cell
SOFC–CGS Solid oxide fuel cell cogeneration system
LNG Liquefied Natural Gas
CHP Combined heat and power
DC Direct current
AC Alternating current
EV Electric vehicle
SOFC–CHP Solid oxide fuel cell combined heat and power
GHG Greenhouse gas
HVAC Heating, Ventilation and Air Conditioning
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
PEMFC–CHP Proton exchange membrane fuel cell combined heat and power
Nomenclatures

EFFElSup Efficiency of electricity generation
LF Load factor of electricity generation
PSupmax Maximum electricity supply capability
PElSup Amount of electricity supplication
VElSupSp Electricity generation tracking speed
Itint Time interval
PElMax Maximum electricity generation capacity of SOFC
PEhCell Amount of natural gas consumption of SOFC
PHtSup Amount of heat output from SOFC
EFFHtSup Heat output efficiency of SOFC
VwCell Water flow rate in the water tube
Tout Target output water temperature from the SOFC
Tin Input water temperature to the radiator unit
Cw Specific heat of water
PRad Heat dissipation from the radiator unit
PBBSup Amount of heat output from the backup boiler
PBBUse Amount of gas used in the backup boiler
TDmd Water temperature demand from the household
TBBin Input water temperature to the backup boiler
VolHwDmd Amount of hot water demand
EFFBB Working efficiency of the backup boiler
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