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CO2 EMISSIONS IN THE EXERGY-AWARE BUILT  

ENVIRONMENTS OF THE FUTURE 

 

Şiir KILKIŞ 
Division of Building Technology - KTH 

School of Architecture and the Built Environment 

Abstract 
 

This thesis puts forth the means of a strategic approach to address a persistent problem in the 
energy system and in this way, to transition the built environment to a future state that is more 
exergy-aware to curb CO2 emissions. Such a vision is made possible by the six-fold contributions 
of the research work: I) An analytical model is developed, which for the first time, formulates 
the CO2 emissions that are compounded in the energy system as a function of the systematic 
failures to match the supply and demand of exergy. This model is namely the Rational Exergy 
Management Model or REMM. II) REMM is then applied to analyze the pathways in which it is 
possible to lead the built environment into addressing structural overshoots in its exergy supply to 
curb CO2 emissions. The cases that embody these pathways are also analyzed over a base case, 
including cases for sustainable heating and cooling. III) New tools are designed to augment 
decision-making and exemplify a paradigm shift in the more rational usage of exergy to curb CO2 
emissions. These include a scenario-based analysis tool, new options for CO2 wedges, and a 
multi-fold solution space for CO2 mitigation strategies based on REMM. IV) The concept of a net-
zero exergy building (NZEXB) is developed and related to REMM strategies as the building block 
of an exergy-aware energy system. The target of a NZEXB is further supported by key design 
principles, which address shortcomings in state-of-the-art net-zero design. V) A premier building 
that deployed the key design principles to integrate building technology in an innovative, exergy-
aware design and received LEED Platinum is analyzed on the basis of the NZEXB target. The 
results validate that this building boosts net self-sufficiency and curbs compound CO2 emissions, 
which are then presented in a proposed scheme to benchmark and/or label future NZEXBs. VI) 
Based on the scalability of the best-practices of the NZEXB ready building, the means to realize a 
smarter energy system that has exergy-aware relations in each aspect of the value chain to curb 
CO2 emissions are discussed. This includes a target for such a network at the community level, 
namely a net-zero exergy community (NZEXC). As a whole, the results of the thesis indicate that 
the strategic approach as provided by REMM and the NZEXB target of the research work has the 
potential to steer the speed and direction of societal action to curb CO2 emissions. The thesis 
concludes with a roadmap that represents a cyclical series of actions that may be scaled-up at 
various levels of the built environment in a transition to be in better balance with the Planet. 
 
Keywords: Exergy, CO2 emissions, built environment, buildings, energy system, scenario-based 
analysis, mitigation strategies, net-zero, LEED, energy transition, transition management 
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Preface 
 
The usage of the quantity and quality of energy is at the core of human activities and at the 
heart of environmental problems. Societal functions revolve around it while impacting the natural 
realm in a multitude of ways, most prominently as global climate change. A grand challenge for 
humanity is thus to steer a paradigm shift in which societal actors meet their energy demands 
while drastically cutting back on emissions that upset the natural balances of the planet Earth.  

This thesis is about a transformation of the energy relations in the built environment in ways that 
will provide a strategic approach to curb CO2 emissions. As a thesis on a unified theme, it is 
based on peer-reviewed papers that were published since 2007. In this way, it is the result of 
research work that I have conducted in the fields of exergy and CO2 mitigation as a unique, 
interdisciplinary focus that emerged out of the needs for sustainability. As a whole, this thesis 
contributes to addressing a key challenge that we as humanity must solve in the 21st century. 

In particular, the research work of the thesis addresses a central theme of the School of 
Architecture and the Built Environment at the KTH Royal Institute of Technology. This theme 
explores the future of societies and the ways that cities and buildings should be designed and 
built. The results of the thesis also intertwine with the Research Clusters that were launched in 
2010 to address challenges in putting into place sustainable urban futures. All of this has been 
possible by my doctoral studies at the Division of Building Technology at KTH, which allowed me 
to develop and apply new methods, tools, and scenarios for a more sustainable built environment.  

Centered on the core of the research work, the process that led to this thesis involves elements 
of a “triple helix” based on contacts that were made with the public and private sectors beyond 
academia. The deployment of the original concepts of the thesis by the industry in a premier 
building from the design stage to the end result has further made this possible. As of February 
2011, the same building has now been awarded the highest Platinum rating in LEED with full 
points in “Innovation in Design.” Hence, the means of a transformation for the built environment 
as put forth in this thesis are not of a too distant future but one whose trail has already begun. 

I would like to express a sincere gratitude to my tutor, Prof. Dr. Folke Björk for his supporting 
guidance in seeking the way forward in the research work and to Prof. Dr. Gudni Jóhannesson for 
giving me the opportunity to pursue my research in the field of exergy at the doctoral level. Prior 
to my studies at KTH, I would further like to acknowledge my tutors at Georgetown University, 
who provided me the research skills to maintain an interdisciplinary focus for sustainability. I also 
give my many thanks to my family, whose loving support has made me the researcher I am. 

I take the great pleasure of dedicating this thesis to the “useful work potential” within each one 
of us to create positive change so that humanity can be in better balance with the Planet. 

 

August 30, 2011 
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1 Introduction 
 
This thesis focuses on putting forth a value chain of research work that leads to the vision in 
which the built environment can attain a strategic approach to curb CO2 emissions by improving 
the match between the supply and demand of exergy. Hence, this thesis, which also provides a 
set of tools to reach such a vision, has the potential to steer the speed and direction of action to 
address an issue of key societal value when the challenge of global climate change is considered.   

The basis of this vision is made possible by the analytical approach of an original model and the 
pathways that can be applied to curb the CO2 emissions of the energy system. These pathways 
are supported by an array of tools to augment decision-making to compare cases, scenarios, and 
targets. These are further enriched by new concepts for net-zero buildings, which may be the 
building blocks of a smarter energy system that is more exergy-aware. All of the key approaches 
that are put forth in this thesis are then exemplified in a premier green building that is ready to 
meet the target of net-zero exergy while satisfying energy services. Through the interrelation of 
these applications in the context of this thesis, a new vision for the built environment, including 
buildings in districts and the building stock at large, is obtained as a potential future state. 

Attaining a future state that is in better balance with the Planet is inherently a long-term societal 
goal. It is envisioned that the value chain of the research work of this thesis will also contribute 
to this goal by expanding the horizon of possibilities to curb CO2 emissions through better 
matches in the supply and demand of exergy. Briefly, the value chain of the research work may 
be summarized in Figure 1.1 where the first three chains cover Papers 1-5 as overviewed in 
Section 2 of this thesis and the last three chains cover Papers 6-9 as overviewed in Section 3.   

 
 
 
 
 
 
 
 
 

Figure 1.1. Overview of the value chain of the research work of this thesis (Abbreviations to be 
introduced are REMM: Rational Exergy Management Model, NZEXB: Net-Zero Exergy Building) 

1.1 Background: horizon scanning 
 
In today’s society, there remains a gap between the needs of humanity to curb CO2 emissions in 
a way that will avoid tipping points in the global climate and the present state of the energy 
system. This is a gap that can be filled not only by solutions based on technology, but also those 
of strategic approaches to steer a transition towards a more sustainable energy future. As a 
whole, filling this gap depends on the ability to mobilize solutions that can impact the speed and 
direction of policy action for increasing the leverage power to make a shift in the existing trends.  

In the literature, studies that are directed to the aim of putting forth trend-breaking solutions to 
strategic, societal problems are known as “backcasting” studies. Such studies, which seek to put 
forth scenarios towards more desirable futures, are found to be especially useful when applied to 
contexts in which five conditions are met. These take place when complex and persistent 
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problems exist, dominant trends are part of the problem, externalities are at play, there is a 
need for major change, and the time horizon and scope allow for new options (Dreborg 1996). In 
this respect, backcasting is favored when existing trends are leading to an undesirable state 
(Höjer and Mattsson 2000) and there is a need to broaden the scope of solutions (Quist 2006).  

At various levels of the built environment, e.g. individual buildings and clusters of buildings in 
districts and cities, it is possible to identify some of the concepts that take place in the scope of 
solutions. Net-zero energy buildings, for example, have received attention as an emerging 
concept and several targets have already been put into place (e.g. IEA 2011a; ASHRAE 2008; 
CPUC 2008; EU 2010; METI 2009). Case studies of such buildings that produce as much energy 
as they consume have also been analyzed (e.g. ASHRAE 2009; Wang et al. 2009). On the other 
hand, other aspects that seek to transform the energy usage of buildings include energy ratings 
(e.g. EU 2002) and building performance schemes, which contain points for energy savings in 
end-usage and use of renewable energy (e.g. USGBC 2009; JaGBC and JSBC 2010; BRE 2011).   

Beyond single buildings, the need to manage the usage of energy at the level of an entire 
community (Jaccard et al. 1997) seems to be another trend with renewed interest (e.g. IEA 
2011b). At the same time, scenarios in which local energy systems are able to reach a state in 
which there is a 100% renewable energy (RE) supply have been put forth (e.g. Østergaard et al. 
2010; Connolly et al. 2011; Krajaĉić et al. 2011; Mathiesen et al. 2011). Comparatively more 
radical concepts, such as circular metabolism, seek the goal of altering the linear usage of energy 
and materials in urban areas with more circular relations (e.g. Girardet 2010). Another concept is 
urban symbiosis, which refers to the sharing of resources in urban proximity that would 
otherwise be wasted (e.g. Berkel et al. 2009). Concepts such as these may be potential 
candidates to lead the built environment to a more sustainable future to reduce CO2 emissions.    

As broad as this horizon of solutions may seem, there is a lack of a coherent, guiding approach 
that is equally valid for all levels of the built environment from buildings to clusters of buildings in 
urban areas and beyond. Furthermore, none of the above concepts address a persistent problem 
of the energy system when viewed from the perspective of “exergy” or formulate this issue in the 
context of CO2 emissions. As a result, the sampling of solutions as overviewed above remain 
limited in leading to trend-breaking change in the energy usage of the built environment. 

Exergy, which measures the useful work potential of a given amount or flow of energy, is one of 
the emerging fields of research for sustainable buildings. Some of its domains include low exergy 
building design and components (e.g. Schmidt 2004; Johannesson 2007), hybrid HVAC systems 
(e.g. Kilkis 2006), analysis of building services (e.g. Sakulpipatsin et al. 2010), and building 
control systems (e.g. Shukuya 2009). The low exergy principle has also been embraced to 
streamline the use of energy resources in the built environment (Schmidt 2009; IEA 2011c).  

Moreover, the challenge of sustainability increasingly requires the bridging of what is seen as the 
“two cultures,” namely the sciences and humanities (Snow 1993). This includes the need to bring 
insight from thermodynamics into policy to indicate the areas for improvement (Hammond 
2004). At the same time, while the 20th century focused on the first law of thermodynamics, the 
21st century is seen as a century of the second law that deals with energy quality (Butera 2008).  
 
Through a new model, namely REMM, this thesis expands the horizon of solutions to guide the 
built environment to a future state that adopts strategic approaches based on exergy to curb CO2 
emissions. As depicted in Figure 1.2, this also leads to backcasting such a vision to the present 
and exemplifying roadmaps. In this way, it seeks to benefit a core challenge of the 21st century. 
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Figure 1.2. Expansion of the Scope of Solutions for the Built Environment based on REMM 

1.2 Scope and aim of the research work 
 
The core aim of the research work is directed towards emerging a future vision to guide the built 
environment with a strategic approach to curb CO2 emissions. A key aspect of this aim is made 
possible based on a model that first formulates a persistent problem in the energy system and its 
impacts on the present ability of the built environment to reduce its CO2 emissions. In this way, 
REMM (the Rational Exergy Management Model) formulates the impacts of structural failures to 
match the supply and demand of exergy on CO2 emissions that are being compounded in the 
energy system. Developed as part of the research work, REMM is then applied to analyze the 
pathways in which it would be possible to lead the built environment towards a future state that 
addresses this issue, thereby expanding the horizon of approaches to curb CO2 emissions. In this 
aspect of the research work, key independent contributions of Papers 1-5 are as overviewed: 

 While an emerging field for sustainable buildings, exergy has not been integrated with 
the field of CO2 mitigation. The methodology of REMM is thus put forth as a premier 
analytical model that quantitatively integrates these two fields (Papers 1 and 2). 
  

 Three exergy-aware cases are compared with a base case building to analyze the 
ramifications of REMM (Paper 1). A global CO2 wedge based on one of the cases is 
then set forth as a contribution to the Carbon Mitigation Initiative (CMI 2011). Four 
options for REMM-based CO2 wedges at a national level are further given in Paper 2. 
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 The pathways in which it is possible to realize a paradigm shift over the base case are 
overviewed by an array of strategies, including a hybrid approach. As a new scenario-
oriented tool to formulate the CO2 savings over a base case, the REMM Analysis Tool is 
also put forth to expand the horizon of opportunities to curb CO2 emissions (Paper 2).  

 

 Based on the scalability of REMM from buildings to districts, the scope is expanded to 
curb the CO2 footprint of a district (Paper 3). In the context of rising temperatures due 
to global warming parallel to rising cooling demands, the focal point is the cooling 
sector in which the CO2 footprint of split systems and district cooling are compared. 

 

 In contrast to the built environment, it is known that ecosystems utilize the incoming 
exergy usually from the Sun more optimally (Kay 2000; Fraser and Kay 2001). Based 
on REMM, Paper 4 analyzes a range of sustainable cooling strategies and sets forth a 
foresight of a built environment that mimics ecosystems. A means of exergy-mapping 
is then put forth, which unifies the boundary conditions among the energy resources.   

 

 As a means to optimize energy usage in the built environment, a parametric study of 
the low exergy demands for both heating and cooling is conducted (Paper 5). Based 
on REMM, a multi-fold solution space as a tool to augment decision-making to curb CO2 
emissions is also discussed in more detail. This includes the role of a new target factor 
for exergy-led urban symbiosis and a sample 10-year strategy for a capital city district.   

In these ways, based on the coherency of REMM, Papers 1-5 put forth the pathways to re-wire 
energy resources with better exergy matches and the tools to augment the decision-making 
process to curb CO2 emissions. Options for the REMM-based CO2 wedges also parallel the need to 
curb CO2 emissions by 80% below 1990 levels well before the year 2050, which is deemed vital 
for stabilizing the CO2 load of the atmosphere below 350 parts per million (Hansen et al. 2008). 

Another aspect of the research work that is aimed towards emerging a future vision to guide the 
built environment is the new concept of a Net-Zero Exergy Building (NZEXB). In contrast to 
targets for net-zero energy buildings, a NZEXB applies key principles based on REMM and is in 
this way a “building block” of an exergy-aware energy system. From the concept of NZEXB to the 
analysis of a premier NZEXB ready building, Papers 6-9 have their independent contributions: 

 The shortcomings of net-zero buildings are put forth in the sense of building-grid 
interactions and CO2 impacts in Paper 6. Based on an example that would obtain the 
net-zero target based on energy but does not have a net-zero exchange with the grid 
based on exergy values, NZEXB is put forth and CO2 impacts are analyzed with REMM.    
 

 The guiding role of REMM to optimize the integration of building technology towards 
the target of NZEXB is introduced as a prerequisite (Paper 7). This includes ways to 
optimize heat pumps with exergy matches and hybrid buildings that do not engage in 
base cases. The role of the REMM Analysis Tool in the NZEXB target is also discussed.  

 

 Key strategies that address asymmetries in the trade of energy and exergy with the 
grid and thermal loop are examined and applied to a case that can obtain the NZEXB 
target (Paper 8). This places NZEXB as a valid candidate for net-zero targets that are 
being adopted around the world. The target is then scaled to the community level as 
another new concept for which a decision-makers “toolkit” is provided in Paper 9.  
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 A premier NZEXB ready building that adopts a multi-fold approach to integrate building 
technology shows what can be achieved when the above approaches are deployed. As 
presented in Paper 9, the results validate that this building boosts net self-sufficiency 
and curbs compound CO2 emissions. At the same time, its features address the main 
shortcomings of the state-of-the-art in net-zero building design (e.g. ASHRAE 2009). 
 

 Along with a toolkit of dedicated metrics, Paper 9 proposes a scheme that unifies 
NZEXB design principles as a building performance label for net-zero design. The 
results from the NZEXB ready building are further put into the context of key lessons 
for exergy-aware energy systems and 100% renewable energy, net-zero communities. 

All of the above series of contributions in the research work lead to a vision to scale-up best 
practices from the building to the energy system level to be in better balance with the Planet. As 
a result, the research work is of value to a strategic societal need for greater sustainability. 

1.3 Objectives and overview of the Thesis 
 
Based on the independent contributions in the research work as presented in Papers 1-9, this 
thesis aims to explore the ways in which the body of new knowledge interweaves into a greater 
whole. In this respect, this thesis investigates the overarching elements of the research work 
while at the same time, taking the research work one step further based on the synergy that 
exists between the papers. Hence, this thesis not only introduces the key contributions but also 
relates these contributions to a coherent whole, which adds another layer to the research work.  

This cover summary of the thesis that precedes the appended papers is organized into two main 
sections, which provide a unique account of the macro-structure that unifies the research work. 
Based on the value chain of the research work as presented in Papers 1-5 and their linkages 
within the context of this thesis, Section 2 introduces REMM as an analytical model for CO2 
mitigation. This further includes the pathways that expand the horizon of approaches to curb CO2 
emissions and new tools to augment decision-making as introduced in Figure 1.1. Section 3 then 
continues with the value chain of the research work as presented in Papers 6-9 and focuses on 
NZEXB as the building block for an exergy-aware energy system. This includes the formulation of 
the NZEXB target, key design principles, and the results of a premier NZEXB ready building that 
deployed and validated the research work. These two main sections lead to Sections 4-5, which 
put forth a summary of the research work in six key points and provide the concluding remarks.     

As underlined in Section 6, the value chain of the research work, which leads to a vision to guide 
the built environment with a strategic approach to curb CO2 emissions, can be utilized in future 
work for new applications in practice and science-based policy. As key modules that are scalable 
from buildings to the energy system at large, the value chain of the research work initiates a 
spectrum of options that can be applied to the built environment. At the same time, it provides 
key inputs on the ways to give impetus to CO2 mitigation efforts and to roadmap a transition to 
reach a more exergy-aware built environment. In this way, the research work can add speed as 
well as direction to policy intervention and policy design, including R&D and innovation policies.     

Furthermore, all of Papers 1-9 are published based on processes of peer-review in mediums 
with international reputation, three of which take place in the ISI Web of Knowledge. The citation 
stage of these papers has also been initiated by the scientific community, including by IEA Annex 
52. Prior to the papers themselves, their summaries are provided in Section 7, respectively.        
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2 Analytical model for CO2 mitigation: Rational Exergy Management Model 
 
Solving the CO2 challenge requires an ability to address systematic failures in the energy system 
based on analytical approaches that extend beyond the horizon of causes that created them. 
Systematic failures imply problems that persist in the energy system, especially those that 
perpetuate CO2 emissions. Analytical approaches refer to new ways of thinking about relations of 
cause and effect from which new approaches to address those relations may be derived. The 
Rational Exergy Management Model (REMM) puts forth such a framework in the context of an 
analytical model, which formulates a view of CO2 emissions based on mismatches in the supply 
and demand of exergy as a root-cause. This indicates a causal relation between “overshoots” in 
the supply of high exergy resources to meet energy services with low exergy demands and those 
of CO2 emissions. In fact, this is found to compound CO2 emissions that are already far beyond 
the capabilities of the Planet to sequester them. Especially in the building sector, REMM provides 
a way of curbing CO2 emissions that is beyond the scope of approaches that led to this outcome. 
 

Based on Papers 1-5, this Section overviews the formulation of REMM as an analytical model for 
CO2 mitigation. At the same time, it provides an overview of case studies with a higher level of 
performance in meeting the rationale between better exergy matches and reduced CO2 impacts 
in the energy system at large. It later discusses the value that REMM adds to CO2 mitigation 
strategies based on a range of applications, including those at the building and district level. 
From formulation to application, this Section thus highlights the qualities that are put forth by 
REMM to expand the horizon of possibilities to reduce CO2 emissions by better exergy matches.  

2.1 Characteristics of the analytical model REMM  
 
As an analytical model, REMM quantitatively links the emerging field of exergy with the field of 
CO2 mitigation through metrics that cross-cut the two fields. This interdisciplinary nature that 
amalgamates the gap between two distinct fields allows REMM to put forth a new approach to 
curb CO2 emissions. In this process, which holds benefits to both of the fields and to society, the 
qualities of REMM may be identified to be two-fold. First, it develops an “intra-systems” scope 
that expands to the energy system as a whole rather than to remain at the level of a singular 
sub-system. This effectively opens the angle in which to link any initial mismatch in the supply 
and demand of exergy in a given system to its broader impacts in the energy system. Second, it 
formulates a compound CO2 emissions factor that is unique as an “exergy-centric” metric in the 
field of CO2 mitigation. REMM thereby establishes a quantitative link between a specific level of 
exergy mismatch and a respective avoidable CO2 emissions footprint in the energy system.  
 

As overviewed herein, both of these qualities are made possible by a parameter that seamlessly 
unifies all related metrics as the cross-cutting parameter of REMM, namely the parameter ѱRi. As 
a whole, REMM provides the basis to derive applications to further expand the future possibilities 
for the built environment while addressing the needs that were apparent in the horizon scanning.    

2.1.1 Method and intra-systems boundary 
 
A common need in the horizon scanning is the mode of considering the way in which a misuse of 
energy resources in buildings from an exergy point of view impacts the CO2 emissions of the 
energy system. This requires a boundary that is not confined to a single building system, but one 
that rather takes into account the linkages of impacts within the energy system at large. In this 
respect, the method of REMM is based on a more wholesome view, namely on an intra-systems 
boundary. In this boundary condition, the impacts from a misuse of exergy are both considered 
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and formulated based on the parameter ѱRi that links the level of exergy match in buildings and 
its impact on CO2 emissions. Here, the key concepts of the intra-systems boundary based on the 
parameter ѱRi are given while their derivations are given in detail in Papers 1 and 2. Below, 
steps S1 to S4 summarize the steps that are followed in the intra-systems boundary of REMM. As 
depicted within Table 2.1, this boundary simultaneously extends from a building system as 
system (i) to another system in the energy system as a system (j) based on the parameter ѱRi.   

 Model the level of exergy match in system (i) (S1): As an initial step, the level of 
exergy match of a building system (i) is first modeled based on the parameter ѱRi. Here, 
the parameter ѱRi indicates the level at which the supply of an energy resource to a 
building system (i) is in balance with the demand of that system based on exergy values. 
Within this step, a Carnot cycle is defined according to the temperature difference that is 
made with a reference environment (see Papers 1-2 and Kilkis 2007). This provides the 
basis to obtain exergy values, which provide a measure of the useful work potential of a 
given amount of energy. Modeling the level of exergy match in the energy usage of 
system (i) is a vital step to formulate its broader impacts in the energy system at large. 
 

 Model any destroyed exergy as a function of ψRi (S2): The specific value of the 
parameter ψRi that is obtained for a system (i) based on S1 makes it possible to model 
the exergy that is destroyed due to any exergy mismatch, which is the next step. The 
range of the values of the parameter ψRi, i.e. a range from zero to one, corresponds to 
the poorest and highest levels of rationality in balancing the supply and demand of exergy, 
respectively. The greater the overshoot in the value of the exergy supply when compared 
to the value of the exergy demand, the lower the value of the parameter ψRi will be, and 
vice versa. At the same time, lower values indicate that more exergy is irreversibly 
destroyed due to any initial exergy mismatch in the supply and demand of exergy. This 
step thus allows the modeling of the destroyed exergy as a function of the parameter ѱRi. 
 

 Expand the model to a system (j) based on ψRi (S3): Based on any exergy that is 
destroyed as a function of ψRi (S2), the model is expanded to another sub-system in the 
energy system at large, namely system (j). This step considers that any destroyed exergy 
in the initial system (i) must now be resupplied in another system (j) elsewhere in the 
energy system in an equal or greater value. In the intra-systems boundary, an avoidable 
CO2 emissions impact based on ψRi is thereby formulated due to any suboptimal value of 
the parameter ψRi less than one. The avoidable CO2 emissions impact is equivalent to the 
CO2 emissions from the resupply of exergy in another system (j). Here, such impacts are 
defined regardless of whether or not system (i) is actually linked to another system (j). It 
is, however, possible to displace these impacts by better managing ψRi (see Section 2.2). 
 

 Model compound CO2 impacts in the energy system (S4): Based on the intra-
systems boundary (S3), a compound CO2 emissions factor is put forth to define the 
broader impacts of any mismatch in the supply and demand of exergy on the energy 
system and the environment. In addition to any direct CO2 emissions, this factor includes 
the CO2 emissions that are compounded in the energy system due to any level of exergy 
mismatch based on the parameter ψRi. In contrast to dominant strategies, the parameter 
ψRi becomes a driving mechanism to guide ways of curbing CO2 emissions with an “energy 
systems” view. The primary means is to lower the avoidable CO2 emissions impact in the 
energy system by raising the value of the parameter ѱRi through better exergy matches in 
the supply and demand. This requires pathways to redirect the usage of energy resources. 
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Table 2.1. Overview of the Formulations of the Intra-Systems Scope of the REMM Boundary*  
                 (Based on Papers 1-2 and used as a common framework throughout Papers 3-9) 

 

Fo
rm

u
la

ti
o

n
s 

in
 t

h
e
 I

n
tr

a
-S

ys
te

m
 B

o
u

n
d

a
ry
 

System (i) 
(The Building System) 

Cross-Cutting 
Parameter ѱRi 

System (j)  
(Another System in                 
the Energy System) 

 
Exergy demand of system (i) 

 

 

(Steps S1-S4)  
Exergy re-supply in a system (j) 

 

Eq.1 
 
 

 

 
Eq.5 

 
Exergy supply of system (i) 

 
           Avoidable CO2 Emissions Impact 

Eq.2 
 
 

 

 
Eq.6 

 
Exergy destroyed in system (i) 

 

 
Compound CO2 Emissions Factor 

Eq.4 
 
 

 

 
Eq.7 

In
tr

a
-S

ys
te

m
s 

B
o

u
n

d
a
ry

 o
f 

R
E
M

M
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Impacts in the 
energy system 
when ѱRi << 1:

 

 

 

* All of Eqs.1-7 are explained in the next section (2.1.2). The transmission efficiency, nT, is also factored into Eq.6. 

For ease of reference, the Glossary that is provided at the end of this cover summary provides a 
definition of the key terms that are used throughout this thesis. In this way, this Glossary aids in 
the introduction of new terms and their harmonization with other literary and technical terms. 
The technical terms include those that are used in an IEA Annex devoted to exergy namely, IEA 
Annex 49: Low Exergy Systems for High-Performance Buildings and Communities (IEA 2011c).      
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2.1.2 Formulation of compound CO2 emissions  
 
As depicted in Table 2.1, the parameter ψRi upholds a central role in each of the main steps S1 to 
S4 and provides a link to cross-cut system (i) and system (j) as a basis for the intra-systems 
boundary. As a whole, the intra-systems boundary of REMM puts forth the means to formulate 
the avoidable CO2 emissions impact based on the parameter ψRi and in this way, the compound 
CO2 emissions factor. Such a scope benefits the assessment of CO2 mitigation options with an 
extended outlook to the level of the energy system rather than a view that remains at the level 
of a single sub-system. In Papers 1-2, the main equations that are part of the steps marked S1 
to S4 in Table 2.1 are applied to formulate the compound CO2 emissions factor for a “base case” 
building. This is a building that receives a high exergy resource, such as natural gas, to satisfy 
energy services with low exergy demands, such as space heating. Based on today’s pattern of 
allocating energy resources in the aggregate, such a building characterizes a typical case. Yet as 
discussed herein, it poses ramifications for compound CO2 emissions in the energy system.   

In Eq.1, εdem(i) provides a measure of the basic exergy demand of a building system (i) based on 
a Carnot cycle that is defined between the building and a reference environment. In its most 
basic form, this is defined by a ratio of the indoor dry-bulb air temperature, Ta and a ground 
temperature, Tg, which provides a stable thermal environment for the building on an annual 
basis. Provided that there is an energy load Pi, Eq.1 also provides a valid relation throughout the 
year regardless of seasonal variation in the outdoor air temperature, To. At the same time, the 
value of Tg for a particular location is closely related to the annual average of the outdoor air 
temperature, To

*. Hence, as a sink or source for thermal equilibrium, the value of Tg for a specific 
location is a constant value below a depth of 9.1 meters (ASHRAE 1997; Carlson et al. 2002).  

Given that steady-state conditions prevail, the building must receive an external work input of 
some kind to counteract the irreversible flow of heat from Ta to Tg in a given amount of Pi (see 
Paper 2 and Kilkis 2007). Hence, to maintain the value of Ta at a desired level of comfort, which 
is required to meet εdem(i), the building must be supplied an energy resource whose own exergy 
may depend on its combustion temperature (Tf) in relation to Tg in the amount of Pi (Eq.2). In 
this way, the exergy supply to a building system (i) as εsup(i) is defined by the same reference 
environment for the building as εdem(i), namely Tg. Such a commonality among Eq.1 and Eq.2 
provides the basis to formulate the parameter ψRi, which indicates the level at which the supply 
and demand of exergy is in match. In Eq.3, the parameter ψRi is thus a ratio of εdem(i) over εsup(i).  

Eq.4 follows from the value of the parameter ψRi since the value of the exergy that is destroyed 
in system (i) as εdst(i) is a function of εsup(i) that is in excess of the desired level of εdem(i). The lower 
the value of the parameter ψRi, and hence, poorer the level of exergy match, the higher the value 
of εdst(i) and vice versa. In the base case, based on typical values as given in Paper 2, the values 
of εdem(i), εsup(i), the parameter ψRi, and εdst(i) are 0.03, 0.86, 0.04, and 0.83, respectively (S1 and 
S2). Here, all values are for unit Pi=1 kWh with the value of the parameter ψRi as dimensionless. 
Based on any εdst(i), this inevitably leads to consider another system (j) in the energy system that 
must now be resupplied an additional spending of energy resources due to the exergy mismatch.  

From Eq.5, the exergy resupply in system (j), εsup(j) is at least equal to the value of εdst(i) in the 
initial system (i), e.g. 0.83 per unit Pi in the base case. Taking this lower bound as the value of 
εsup(j), Eq.5 is used to derive Eq.6, which defines the avoidable CO2 emissions impact, ΔCO2j. 
Here, cj is the net calorific CO2 content of the energy mix in the energy system since it is 
indicative of a broader CO2 emissions impact. Given that cj is a net calorific value (TFI-IPCC 
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2006) to be in kg CO2 per kWh, it must be normalized based on the energy that is used in the 
system rather than the energy load. As a result, the average value(s) of the energy efficiency at 
the equipment level, ni is factored into Eq.6. The transmission efficiency, nT may also be included.  

Based on typical values as given in Papers 1-2, the ΔCO2j of the base case is 1.83 per unit cj, 
which may be taken to be 0.27 kg CO2 per kWh for the global energy mix (S3). Such an impact 
manifests itself within the CO2 emissions of the energy system at large that can be displaced 
given higher values of the parameter ψRi (see Section 2.2). In this respect, it is an impact that is 
in addition to any direct CO2 emissions that may take place at the building level, e.g. those from 
natural gas. Hence, Eq.7 defines the compound CO2 emissions factor, ΣCO2i, as the summation 
of both the direct emissions as the first term, which may be denoted as CO2i, and ΔCO2j (second 
term) that are to be minimized (S4). Accordingly, ΣCO2i is 3.28 per cj = ci and Pi in the base case. 

 Ramifications of the base case: Currently, the building stock is largely characterized 
by a structural failure to balance the supply and demand of exergy, which leads to low 
values of ψRi due to exergy overshoots and high values of ΣCO2i. Therefore, the intra-
systems boundary of REMM indicates that the building stock must take a paradigm shift 
away from this base case trend. Clearly, a poor value of ψRi at 0.04 and a high unit value 
of ΣCO2i at a multiplier of 3.28 per unit ci, cj and Pi are not acceptable values. Given the 
magnitude of ΔCO2j that remains in the energy system due to structural failures to match 
the supply and demand of exergy, increasing the value of ψRi is a prerequisite to curb CO2 
emissions. The current signals that are provided to the building sector, however, such as 
energy ratings, e.g. EnEV (Dena 2009), do not address such a key issue. In fact, this 
aspect can mislead the building sector into missing a window of opportunity for change in 
curbing its CO2 emissions. As an extreme case (Figure 2.1), a building that may receive 
acceptable ranks in a building energy rating (e.g. lower energy use) can at the same time 
represent the base case in any REMM based labeling scheme (e.g. a poor exergy match).     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Illustrative Comparison between the Performance of a Base Case Building in a  
                   Building Energy Rating (top left) and an Exemplary Building REMM Rating (right) 
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Based on typical values as provided in Papers 1-2, the base case as formulated above is in a 
position that can characterize other base case buildings at a particular geographical location. For 
example, based on Eq.1, the value of εdem(i) is low at about 0.02 and 0.04 per unit Pi for various 
locations around the world, e.g., the cities of Ankara, Stockholm, Washington D.C., and Beijing. 
Provided that cj is taken for the energy mix of a given location rather than for the global energy 
mix, there may also be changes in ΔCO2j per Pi (Table 2.2). For the purposes of building stock 
aggregation, however, the base case, as it is, should be closer to an average for the sector as a 
whole rather than for a specific geographical location, which can always be calculated separately.       

In another aspect, Table 2.2 further compares the specific values of the four capital cities based 
on monthly averages of outdoor air temperatures from Energy Plus weather data (based on DoE 
2011) and values of Tg (ASHRAE 1997; Carlson et al. 2002). The two graphs in the middle inset 
of Table 2.2, i.e. Ankara vs. Stockholm (left) and Beijing vs. Washington D.C. (right), show that 
as a suitable reference environment, the values of Tg are stable year long for a given location. 
Yet as Tg varies from location to location, it closely parallels the mean of the monthly average 
temperatures (To) by intersecting the curves close to their midpoints (To

*).1 As discussed in Paper 

5, this effectively positions Tg as a suitable sink for the daily temperature swings and allows it to 
represent an annual sink for thermodynamic equilibrium (see bottom inset of Table 2.2). Paper 
5 also provides parametric studies for εdem(i) based on varying values for Ta and To and fixed Tg. 

Table 2.2. Comparison of Annual Exergy Demands and Base Case Values in Four Capital Cities* 
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 Location Tg εdem ѱRi cj ΔCO2j Location Tg εdem ѱRi cj ΔCO2j 
(K) Pi=1 kWh (kg CO2/kWh) (K) Pi=1 kWh (kg CO2/kWh) 

Ankara 284.3 0.03 0.04 0.23 0.41 Beijing 287.6 0.02 0.02 0.28 0.52 

Stockholm 281.5 0.04 0.05 0.12 0.22 Wash.DC 287.0 0.02 0.03 0.23 0.42 
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* The values of the exergy demand are calculated from Eq.1 with Ta=293.5 K and Pi=1 kWh. The CO2 content for 
the energy mix, cj is calculated from (IEA 2008) and (TFI-IPCC 2006). Base case values of ΔCO2j are given per Pi. 

                                                            
1 A linear regression between values of Tg and To

* for 40 capital cities around the world is given in (Kilkis 2011a).  
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2.2 Overview of case studies with exergy-green performance 
 

The intra-systems scope of REMM indicates that CO2 emissions are being compounded in the 
energy system due to a structural failure to match exergy levels in the energy usage of the base 
case. Hence, to minimize the avoidable CO2 emissions impact of buildings in this present state, 
the building stock at large must be guided towards applying cases with a better performance in 
the exergy match. The case studies that satisfy this aim are investigated in Papers 1-4 as case 
studies that put forth an “exergy-green” level of performance. As further overviewed herein, 
these are case studies that have a value of the parameter ѱRi being at least 0.70. These include 
cases for both sustainable heating (Papers 1-2) as well as sustainable cooling (Papers 3-4). As 
a whole, these case studies exemplify approaches for raising the level of rationale to match the 
supply and demand of exergy, minimize ΔCO2j, and attain an exergy-green level of performance. 

2.2.1 Case studies for sustainable heating and cooling 
 
Figure 2.2 contrasts the trends in a base case of a building system (i), as well as another system 
(j) in the energy system as a central power plant, with the alternative cases. Here, the two bars 
for each case study indicate the exergy demand (gray bar) and the exergy supply (red bar), 
respectively. Together with the values of the parameter ѱRi as the marks on the square pointed 
line, these values are read on the left vertical axis, which are given per Pi. Then based on the 
value of the parameter ѱRi for each case, the values of ΔCO2j are given by the marks on the circle 
pointed line, which are read on the right vertical axis and are given as multipliers per cj and Pi.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Comparison of the Level of Exergy Rationality in the Base and Alternative Cases-1  
                  (Based on calculation of cases and graphical compilation as presented in Paper 2) 
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Figure 2.2 confirms that in the base case of system (i), the level of exergy rationality, i.e. an 
assessment of the parameter ѱRi and hence, ΔCO2j, is at a rather poor performance. This arises 
from the fact that an exergy overshoot persists in system (i) as referred from the overshoot of 
the first red bar in Figure 2.2. At the same time, there is an exergy overshoot in system (j), 
which is directly designated as a central power plant in the base case due to the magnitude of 
the value of εdst(i) (see Paper 2). In fact, both of these exergy overshoots mutually reinforce one 
another due to structural failures in attaining better exergy matches in either of these systems.  

An array of strategies is developed to overcome these failures by putting into place a paradigm 
shift in the value of the parameter ѱRi. If these strategies are identified by their points of initial 
action, then it is possible to identify them as supply, demand-driven, or hybrid approaches. In 
contrast to the base case, the cases that exemplify these key approaches surpass the exergy-
green level with a value of ψRi of at least 0.70 (Figure 2.2). The only exception is the first hybrid 
case, which includes the base case along with the other alternatives on an equal basis. Together 
with their main case studies as embodiments, these key approaches are now overviewed in turn: 

 Supply-driven approach: One approach to raise the level of exergy rationality over 
the base case is to better manage the exergy of the resource that is already being 
supplied to either system (i) or system (j). This approach, which is characterized as a 
“supply-driven” approach, delineates the benefits of such case studies as combined heat 
and power (CHP) based district heating or micro-CHP over the base case. Thus, in the 
supply-driven approach, the base case is transformed by CHP-based district networks or 
distributed energy satellites in individual or small clusters of buildings (micro-CHP). 
These benefits, as summarized in Figure 2.2, may be further enhanced by cascading to 
lower grade demands after space heating and/or cooling in the same case studies. The 
case study of CHP-based district heating and cooling (DHC) with biomass, which has a 
level of exergy supply that is comparable to the base case, may also be seen as an 
embodiment of a supply-driven approach. Such a case as studied within Paper 4 would 
thus still apply the principles of this approach as depicted in the left inset of Table 2.3.  
This is the principle that the base case’s exergy supply or its level is managed in such a 
way that better exergy matches are forged from meeting concurrent exergy demands. 

In cases that choose to generate electricity before the allocation of the same resource’s exergy 
for space heating and/or cooling, i.e. CHP, the pattern of using the exergy of energy resources 
contrasts the base case. As a result, the value of the parameter ψRi is to be found from Eq.8 (see 
Table 2.3), which is merely a re-arranged form of Eq.4. This form is needed since εdst(i), i.e. the 
exergy that is destroyed in system (i), rather than the exergy demand, is in a position to be 
defined relative to Tg on a temperature scale (see Papers 1-2). Accordingly, Eq.9 defines εdst(i) 
based on a Carnot cycle between Tapp as the return temperature in CHP applications and Tg.  

 Demand-driven approach: Another approach to raise the level of exergy rationality 
over the base case is to re-match the exergy demand to a new exergy supply level. This 
approach is characterized as “demand-driven” in the sense that the supply and demand 
of exergy is balanced starting from the exergy demand to a more fitting exergy supply 
(see right inset of Table 2.3). Hence, the demand-driven approach is pertinent to cases 
in which a lower exergy supply provides a better match to lower exergy demands. It 
includes, for example, ground-source heat pumps (GSHP) that are coupled to renewable 
energy bundles, e.g. wind and solar energy. In fact, Figure 2.2 indicates such a case to 
have the highest level of exergy rationality among the cases. The approach would not, 
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however, include GSHPs that are driven by power from a central power plant using fossil 
fuels, which would not alter the exergy match of the base case (see Paper 7). On the 
other hand, the approach also pertains to case studies of CHP-based DHC with the lower 
exergy supply of geothermal energy, heating and/or cooling only with solar collectors, 
and passive strategies. These cases are overviewed in Figure 2.3 from Paper 4. In 
cases that involve an exergy supply from renewable energy, the value of εsup(j) in Eq.8 
may be found from Eq.10, where Te is the effective temperature of renewable energy 
resources. An exergy-mapping technique is further developed to solve for the value of Te 
in special or non-thermal cases, which addresses a void in the literature (Section 2.2.2).   

Collectively, both Figures 2.2 and 2.3 overview the results of cases for sustainable heating and 
cooling in buildings. As part of these cases, some also include the provision of electricity. In 
others, the exergy demands for space heating or cooling alone remain low, e.g. 0.03 or 0.04 per 
unit Pi, respectively. For the latter value, Eq.1 for εdem(i) is modified to represent the special case 
of space cooling. As a special case, the flow of heat via the building is reversed, i.e. from the 
outside air temperature to the lower indoor air temperature until thermal equilibrium is reached.  

As such, the external work input that is required to counteract the basic flow of heat as εdem(i) is 
no longer to counter a cooling effect as in the winter but rather to counter a warming effect. 
Paper 3 thus formulates the special case of Eq.1 for the exergy demand for space cooling only, 
which is supported by additional parametric studies in Paper 5. In contrast to base case split 
cooling systems, Paper 3 puts the case of CHP-based district cooling into context with the need 
for systems with much lower CO2 footprints. This includes the need to avoid a cyclical feedback 
between rising surface temperatures due to global warming and increased demands for cooling.      

Table 2.3. Schematic and Main Equations of Approaches to Raise the Level of Exergy Rationality 

Approaches to Raise the Level of Exergy Rationality 
 

 Supply-Driven Approach Demand-Driven Approach 
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Figure 2.3. Comparison of the Level of Exergy Rationality in the Base and Alternative Cases-2  
                  (Taken from the results of Paper 4 that focuses on sustainable cooling case studies)  
 

 Hybrid approach: In relation to the approaches mentioned above, yet another strategy 
is to combine more than one case that applies different approaches. This more “hybrid 
approach” to raise the level of exergy rationality may involve a base case building that 
engages in the alternative cases as much as possible. It may, for example, include 
partially retrofitted buildings that engage in the base and alternative cases at different 
times of the year. Given an equal mix among the cases, however, only a fully retrofitted 
or a new building that is able to eliminate the base case is able to surpass the “exergy-
green” threshold (Figure 2.2). The hybrid approach is also pertinent to net-zero exergy 
buildings (NZEXB), which is discussed as an original concept in Section 3. A key aspect 
to reach the NZEXB target, for example, is the skillful integration of building technology 
to meet diversified exergy matches. This is, in turn, possible through a hybrid approach. 
In any case study that applies a hybrid approach, the value of the parameter ψRi is an 
average that is weighted by Pi for that case in the mix of cases as in Eq.11 (Table 2.3).  

All of the three approaches, i.e. supply-driven, demand-driven, and hybrid, and the case studies 
that exemplify them, aim to contribute towards raising the CO2 mitigation debate to a new level. 
At the envisioned level, strategies are to consider a root-cause of the perpetuation of CO2 
emissions in the energy system and the pathways to curb them based on better exergy matches. 
In this way, action domains at the local, national, and/or international level will more directly 
guide buildings to adopt cases that have an exergy-green level of performance rather than those 
that may continue to repeat the base case. In such a time critical issue as global warming, it is 
vital to delineate the exergy overshoot in the base case and its avoidable CO2 emissions impact 
against cases with better exergy matches. Hence, it is imperative to find those cases that have a 
much smaller or virtually eliminated avoidable CO2 emissions impact in the energy system 
through higher values of ѱRi. The intra-systems boundary of REMM is a key aspect in this respect.  
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2.2.2 Exergy-mapping technique for renewable energy 
 
From an exergy point of view, the boundary conditions to evaluate renewable energy have been 
inconsistent with those that are used for fossil fuels. Such an inconsistency is all the more 
apparent when the boundary condition for solar energy is taken as a Sun-Earth system (e.g. 
Jeter 1981; Petela 2003). In contrast, all other forms of energy that are derived based on solar 
energy, such as fossil fuels, which are forms of stored ancient sunlight, are evaluated based on 
their combustion temperatures. This ongoing inconsistency has been voiced in the literature as a 
valid concern of the field (e.g. Torío et al. 2009). At the same time, there are also forms of 
renewable energy that may depend on thermal differences on Earth’s surface but are themselves 
non-thermal energy resources, such as wind energy. The results of the case studies as put forth 
in Figures 2.2 and 2.3, which include case studies based on renewable energy, address this void. 

In this respect, a new technique makes it possible to evaluate renewable energy resources on a 
basis that is common with those of other energy resources. This is the technique of exergy-
mapping, which puts forth effective temperatures for renewable energy resources, Te, as a 
means to compare their exergy with those of other resources. As a result, a Carnot cycle is 
defined between the common reference point of Tg and Te under boundary conditions that are 
valid on Earth’s surface. The exergy-mapping technique for both wind energy as developed in 
Paper 1 and further used in Paper 2 and that for solar energy (Paper 4) are overviewed below: 

 Exergy-mapping for wind energy: Betz’ law implies the theoretical limit that it takes 
at best 27/16 kWh of kinetic energy to produce 1 kWh of mechanical energy (Betz’ law 
in DWTMA 2006). Based on Betz’ law, the value of Pw in Eq.10 is taken as the value of 
the kinetic energy at 27/16 kWh and the value of the mechanical energy at 1 kWh is 
taken equal to a unit value of exergy, εsup(i). With a common value of Tg, this leaves the 
value of Te as the unknown value to be solved in Eq.10. Actual ratios of kinetic energy 
per unit work may also be used (Paper 2). Through this technique of exergy mapping for 
wind energy, the value of Te at an effective temperature equivalency is found to be as 
low as 471 K. Once solved, the value of Te is used in Eq.10 to attain εsup(i) from any unit 
or real values of Pw according to the wind energy potential in a given geographical area.    
    

 Exergy-mapping for solar energy: The exergy-mapping for solar energy is found 
from two proportions (Paper 4). The basis of the first proportion is a Carnot cycle that 
is defined between the temperature of the Sun at about 5800 K and Tg on the surface of 
Earth. The other one is based on a Carnot cycle that is defined between the value of Te 
that is unknown and Tg. Since the first definition considers a Sun-Earth system, it is set 
proportional to the value of the solar constant as the value of the solar energy that 
reaches Earth’s atmosphere at 1367 W/m2. In contrast, the second definition is set 
proportional to values of solar insolation as the solar energy that reaches Earth’s 
surface. In this way, while one takes a Sun-Earth boundary, the other scales down to a 
more Earthly boundary. Based on a ratio of these two proportions and the global 
average daily solar insolation value at 170 W/m2 (Goswami 2007), the value of Te is 
solved to be 321 K. As the kinds of useful work that can be done with solar energy vary 
with insolation levels, it is possible to solve for other values of Te based on specific solar 
insolation values. Based on variant solar insolation (irradiance) values, a parametric 
study indicates the change in the values of Te and exergy per unit Pi (Figure 2.4).     
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Figure 2.4. Parametric Study Based on Solar Insolation Values in the Exergy-Mapping Technique 
                 (Taken from Paper 4 in which the particular exergy-mapping technique is developed) 

 
As a whole, the technique of exergy-mapping puts forth a means to scale down the boundary 
conditions to such a level that it allows for the comparison of the exergy supply that is available 
for the use of energy conversion. Hence, it resolves the inconsistent boundary conditions across 
the spectrum of energy resources based on a level that considers their exergy supply on the 
surface of Earth, e.g. solar energy. At the same time, it exemplifies a means to address non-
thermal resources that in turn depend on solar energy, e.g. wind energy. Both of these instances 
for solar and wind energy make it possible to compare their levels of exergy supply to re-match 
them to exergy demands. In fact, the initial stage of exergy supply at the resource level is its 
main concern rather than the stage of energy conversion in which equipment efficiencies come 
into play. For instance, the technique can be used to differentiate matches between supply and 
demand points within the choice of energy resources itself prior to the electricity generation 
stage. In another aspect, after the purpose of comparing the levels of exergy supply, if electrical 
energy is produced, the amount of energy may be taken equal to its exergy value. By common 
convention, all of electrical energy may be converted into useful work (as discussed in Paper 7).  
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2.2.3 Applicability to buildings, communities, and districts 
 
The case studies for sustainable heating and cooling exemplify some of the solution pathways to 
transition buildings towards better exergy matches over the base case. At the same time, their 
approaches put forth pathways that are valid to better match the supply and demand points of 
exergy in the energy system. In this way, based on the approaches that are effective at the 
building level, the strategies may be scaled-up to the level of the energy system at large. Hence, 
the case studies are scalable to a broader scale than the building level. Already, in some of the 
case studies, addressing an exergy mismatch at the building level involves a greater, district 
level solution, such as CHP-based district heating and/or cooling. Taking more than one case in a 
mix with the other cases, similar to the hybrid approach at the building level, can also provide 
some key guidance on how to structure a local energy system at the community and district level 
(see Section 3.3.2). Hybrid buildings can even be the “building blocks” to structure an energy 
system that is more conscience of exergy (see Section 3.3 for an exergy-aware energy system).   

Beyond single buildings, the scalability of these approaches to clusters of buildings at large 
brings to the forefront a means to address an apparent need in the horizon scanning. While there 
has been a steady increase in energy efficiencies at the equipment level, the patterns of energy 
usage in buildings from an exergy point of view has remained fairly unchanged. Based on REMM, 
this present state continues to perpetuate avoidable CO2 emissions in the energy system. On the 
other hand, it is known that natural, self-organizing ecosystems maintain a more dynamic level 
of progress in increasing their ability to use the exergy of solar energy to their best advantage 
(Kay 2000; Fraser and Kay 2001). Hence, this contrasts with the state of progress in the built 
environment, which is far from being a “dynamic” ecosystem in the sense that it seeks those 
paths that will attain a better match in the points of the exergy supply and demand (Paper 4). 

In this respect, another aim of the case studies is to guide the built environment towards those 
pathways that better mimic natural ecosystems from an exergy point of view. In fact, the case 
studies uphold an ability to steer the built environment into those pathways in which there is a 
more rational use of exergy. Accordingly, the case studies give direction to the key ways that will 
make it possible to transition towards more dynamic progress in shifting patterns of energy 
usage. Rather than a pattern of energy usage that is characterized by exergy overshoots, the 
pattern is to be marked by better exergy matches. Hence, rather than a built environment with 
near-maximum avoidable CO2 emission impacts, what is envisioned is one with minimal impacts.  

Table 2.4 puts the main case studies into the context of setting a vision, the key targets, and its 
roadmap that includes action domains for an “exergy-aware” built environment. In this context, 
the first step of setting a vision (first row) emphasizes a view of the future that considers the up-
scaling of cases with better exergy matches to various levels. At the same time, it emphasizes 
the potential for their hybrid mix at the local energy system level. Next, the vision that is put 
forth is to be supported by targets that aim to raise the level of exergy rationality from a present 
state to an exergy-green level of performance (second row). While single buildings may be at the 
core of the targets, it is vital that these targets expand to the level of districts, cities, and beyond 
based on clusters of such buildings in a given area. As a result, the targets are to be put in such 
a way that they cover a synergy between scales where a critical mass at one level facilitates the 
attainment of an exergy-green level of performance at the next. Then, when looked back from a 
future in which the vision and targets are realized (i.e. backcasting), the step of road-mapping 
requires a process of setting out the action domains that are to be mobilized. Here, (third row), 
decisions are to be taken for cases that raise the level of exergy matches over the base case.  
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Table 2.4. Setting a Vision, Target, and Roadmap towards an Exergy-Aware Built Environment 
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 To be mobilized towards reaching the target 

of an exergy-green level of performance  
 

 To be driven by cases that break the trends 
of the base case to curb CO2 emissions. 
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 and hybrid approaches of REMM 
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As a whole, Table 2.4 expands the horizon of what may be possible when visions of curbing CO2 
emissions in the built environment with better exergy matches are put forth and followed-up with 
targets and roadmaps. In this respect, it is also foreseen that the roadmap will consider cases 
that exemplify a mix of approaches to improve exergy matches over the base case. For example, 
a hybrid mix of such cases has been proposed as action domains to increase the average value of 
the parameter ѱRi in the district of Çankaya in the capital city of Ankara, Turkey (Paper 5).  

At the same time, the steps as overviewed in Table 2.4 set forth a “dynamic” process that leaves 
room to diffuse best practices and at the same time, to go beyond them with one city learning 
from the other to envision new goals and targets. For example, one of the best practices of 
Stockholm, which was awarded the title of the first European Green Capital in 2010, has been its 
CHP-based district heating network (City of Stockholm 2010).2 Considering that the waste heat 
after electricity production is supplied to the district heating network, whose return temperature 
may be taken to be 326 K for Högdalen and 321 for Hammarby based on the means of their 
annual ranges, (Fortum AB 2011), the value of the parameter ѱRi is found to be 0.82 and 0.84 for 
Högdalen and Hammarby, respectively (Kilkis 2011b). This best practice may be scaled-up at the 
national level since it is estimated that only 6% of the electricity in Sweden comes from CHP 
(Svensk Fjärrvärme 2010). All around the world, the built environment must be more dynamic to 
increase its exergy matches to reduce avoidable CO2 emissions in the energy system at large.       

  

                                                            
2 A related manuscript that was submitted after the writing of this thesis has been accepted for publication in the 
Encyclopedia of Energy Engineering and Technology (Kilkis 2011a). It provides a summary of the procedure to 
apply REMM to transform the energy base of cities towards reducing CO2 emissions. This is then exemplified based 
on the CHP-based district heating network of Stockholm as the 2010 Green Capital. As discussed in Section 6 (p. 
58), this relates to one of the aspects of the future applications of the research work, i.e., the analysis of city-level 
case studies. In the near future, the design of educational courses for city planners is also envisioned. This will be 
important to raise the level of awareness on REMM, thereby increasing the usage of exergy analysis for society.  



 

Analytical model for CO2 mitigation: REMM 21 
 

 

 

2.3 Discussion of the added-value of REMM for CO2 mitigation strategies 
 
A key added-value of REMM for CO2 mitigation strategies comes from the scope of its intra-
systems boundary. Within this scope, the usage of energy resources in ways that characterize 
exergy overshoots are at the root of the CO2 emissions that are being compounded in the energy 
system. In this sense, REMM provides the linkages that put forth a “cause-and-effect” relation 
between exergy overshoots and CO2 emission impacts at large. When the relation is taken in the 
reverse, the mechanism of such an analytical model also indicates the pathways to address the 
issue from its root-cause. Hence, a key strategy to address the “overshoot” in humanity’s CO2 
emissions — that are in far excess of the ability of the Planet to sequester them (Moran et al. 
2008)— is to remedy the “overshoots” in exergy that exacerbate this outcome. Based on exergy-
centric advice, such a priority will add value to the domain of strategies and expand the horizon 
of what is possible to curb CO2 emissions. Yet another aspect through which REMM adds value is 
by exemplifying approaches to allow buildings to accelerate their role in CO2 mitigation. Based on 
the principle of additionality, the added-value of REMM for CO2 mitigation is as summarized:     

 Added-value of the intra-systems boundary of REMM: In a purely CO2 emissions 
accounting point of view, direct CO2 emissions of all energy systems are of main interest. 
The sum across all of the sectors then provides the total energy-related CO2 footprint of 
human civilization. This, however, provides little or no assistance in pinpointing the root 
causes that lead to CO2 emissions being compounded in the energy system. Yet, it is this 
additionality that is of even greater value to strategies for CO2 mitigation, which in turn, 
requires a view of the linkages between the points of direct CO2 emissions in the energy 
system. These linkages come into view in the intra-systems scope of REMM based on a 
“cause-and-effect” relation between exergy mismatches and CO2 emission impacts at 
large. In particular, REMM provides the tools to critique the mismatches in the supply and 
demand of exergy. The analytical model further provides the means to identify the 
linkages of CO2 impacts between point-sources of direct CO2 emissions. As a result, what 
is obtained is an indication of the pathways that perpetuate direct CO2 emissions and the 
linkages between them based on the parameter ѱRi. These same pathways give the root 
causes of these impacts, i.e. exergy overshoots, whose localities require policy action.   

Table 2.5 provides a schematic of the linkages of CO2 impacts between point-sources of direct 
CO2 emissions. Here, this view for CO2 mitigation strategies links the point-sources of direct CO2 
emissions through a series of impacts as a function of the parameter ѱRi. Due to low values of the 
parameter ѱRi, for example, it brings to the forefront those pathways that feed more direct CO2 
emissions to take place in the energy system. Once identified, however, these pathways can be 
worked in the reverse to curb CO2 emissions. In Table 2.5, the lines of these pathways are 
marked by bronze, gold, and green circles as the direct, avoidable, and indirect CO2 emissions of 
a given built environment. Hence, a key strategy is to identify the pathways with avoidable CO2 
emission impacts and to reduce these impacts from their root cause by increasing the value of ѱRi.  
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Table 2.5. Schematic of the “Cause-Effect” Relations Linked by Avoidable CO2 Emission Impacts 
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 Avoidable CO2 Emission Impacts 

 
 Take place due to a structural failure to match exergy levels  

that would displace CO2 emissions in the energy system 
 

o Can be manifested in indirect CO2 emissions  
o Is always associated with direct CO2 emissions  

Direct CO2 Emissions 
 

 Take place on-site due       
to energy used on-site 

Indirect CO2 Emissions 
 

 Take place off-site due    
to energy used on-site 
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Pathways that Perpetuate Avoidable CO2 Emission Impacts: 
 
 Persistence of exergy mismatches in the base case of buildings (e.g. 0.04) 
 Low average value of the parameter ѱRi in communities and districts 

 
Solution Pathways that Curb Avoidable CO2 Emission Impacts: 
 
 Address the exergy mismatches in the base case of buildings (e.g. 0.04) 
 Raise the average value of the parameter ѱRi in communities and districts 
 Prevent an exergy mismatch that reinforces the base case anywhere in the energy system 

 

Through the intra-systems boundary of REMM, the CO2 emissions that are being perpetuated in 
the energy system are thus tracked to one of their root causes, i.e. pattern of mismatches in the 
supply and demand of exergy. This, in turn, places an urgent need to direct the emphasis of 
future decision-making into those solution pathways that will address the persistent problem of 
compound CO2 emissions. The applications of REMM, which include CO2 mitigation strategies, are 
directed towards realizing such pathways in which there is a paradigm shift to exergy matches.     
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 Added-value of the case studies that exemplify REMM approaches: Another added-
value of the intra-systems boundary of REMM is to raise the CO2 mitigation debate to a 
new level. This requires that the exergy overshoots of the base case are solved based on 
domains of action that are capable of putting forth a paradigm shift in patterns of energy 
usage. Such an additionality, which remained to be un-reconciled, is provided based on 
the case studies whose benefits are contrasted with the base case. These case studies, in 
turn, embody REMM approaches to address the root cause of exergy overshoots and in 
this way, contribute to curbing avoidable CO2 emission impacts in the energy system.  

In the value chain of Papers 3-9, new tools that apply REMM principles are developed to provide 
further insight to augment the decision-making process to curb CO2 emissions. Building upon 
REMM approaches, these tools provide a means to backcast exergy-green targets to the present 
state of buildings and roadmap action domains to reach them. These tools, too, are scalable not 
only to single buildings, but also to districts and cities. Hence, the added-value of case studies 
that exemplify REMM approaches extend up to the built environment and energy system at large. 
These tools provide exergy-centric CO2 scenarios based on REMM, which shape the prospects that 
the energy system is transformed to be more exergy-aware from the building sector upwards.  

At the foundation of these value additions to CO2 mitigation strategies, however, is the need to 
diffuse and raise awareness on the approaches and principles of REMM. In this respect, a REMM 
Analysis Tool is developed as an educational tool in which it is possible to compare the case 
studies by the prospects of their CO2 mitigation potential within the scope of REMM. On the basis 
of aggregating buildings in the stock, i.e. stock aggregation (IEA 2005), CO2 mitigation scenarios 
based on REMM are put forth additionally at the national and even global level. These scenarios 
uphold the quality of being “exergy-centric” options to curb CO2 emissions from buildings in the 
sense that increases in the value of the parameter ѱRi over time are the main driver. In fact, this 
aspect allows the scenarios to add on to existing CO2 wedges from buildings (e.g. CMI 2011).  

Finally, as a way to integrate all of the main domains that require action in the scope of REMM, a 
new decision-making algorithm was put forth for multi-fold CO2 mitigation strategies. In addition 
to the previous two tools, this tool completes the range of analysis that is possible with REMM-
based tools, e.g. the building, local, national, and global levels, which will be overviewed in the 
next three sections. As a whole, all of these tools embody the added-value of REMM while 
enhancing accessibility to REMM applications. In particular, these tools elucidate the ways in 
which REMM provides a means to capture a foresight of an exergy-aware future as the future of 
the built environment. In the foresight of this horizon, better balances in the supply and demand 
of exergy are established to mitigate CO2 emissions to be in better balance with the Planet.      

Below, these tools are exemplified while the added-value of REMM in a premier building that was 
awarded Platinum in LEED with full points in “Innovation in Design” is presented in Section 3.2. 
These tools also had a key role in influencing the deployment of REMM strategies in the building.  
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2.3.1 Development of the REMM Analysis Tool 
 
Being able to realize the added-value of REMM in society requires raising awareness on the fronts 
of new tools to augment decision-making to curb CO2 emissions with REMM approaches. In this 
respect, the REMM Analysis Tool is designed to be a scenario-based forecasting tool to analyze 
the CO2 impacts of a given level of exergy match in buildings. As a result, it provides an effective 
means to interact with the inputs of the base case and alternative cases while seeking ways of 
producing a new CO2 wedge, i.e., a CO2 reduction relative to the characteristics of the base case. 
The original Tool is discussed in Paper 7 for net-zero design and further introduced in Paper 2.  

As an educational tool, the REMM Analysis Tool seeks to alert any stakeholder on the impacts of 
structural exergy overshoots in buildings in the aggregate and in this way, to put forth the need 
to adopt cases that fix the base case. As a result, in the initial phases of project planning as well 
as evaluation, it allows for the comparing and contrasting of the base case with the alternative 
cases and to gain insight on their outcomes on the basis of a REMM-based CO2 wedge over the 
base case. Based on default values, Table 2.6 provides two screenshots of the REMM Analysis 
Tool where the first one is of the base case in which the user is alerted of its exergy mismatch 
status. The second one is of an alternative case with a better match in the supply and demand of 
exergy. The inputs and outputs of the Tool, which includes unit CO2 wedges, are also summarized.  

Various tools that exist to assess buildings may be compared against a set of categories to 
distinguish their features. These may include the types of buildings assessed, e.g. existing, new, 
or retrofit, users of the tools, e.g. building designers, phases of the life cycle, e.g. operation of 
the building, and the form of its results (Happio and Viitaniemi 2008). The REMM Analysis Tool 
has the features of allowing a wide array of users to analyze the exergy match in the energy 
usage of a proposed project, which may be selected as a new or retrofit project, and to see the 
results in the form of graphs (see Table 2.6). By nature, it is interactive since users, which may 
be decision-makers and design teams, are enabled to compare a range of options, which also 
allows it to be “pro-active” (Baldwin et al. 2000). Moreover, it is a “planning tool” that seeks to 
support decision-making and to assist planning in the design phase (Happio and Viitaniemi 2008).  

Other tools with these general profiles include RETScreen in which it is possible to compare a 
base case with a proposed case of the users’ own choosing (Connolly et al. 2010).3 None of the 
tools to assess buildings, however, provide a means to compare the exergy savings of cases and 
to analyze the link between exergy mismatches and CO2 emission impacts. In addition, none of 
the tools are designed to provide CO2 wedges with the base case, either at unit or higher levels. 
These features are also missing in tools that extrapolate existing trends to the future of energy 
systems or allow for the selection of built-in scenario options. As a result, the REMM Analysis Tool 
stands as a unique tool with the services that it offers based on REMM. Its key features aim to 
raise awareness on the need for a paradigm shift to forge better exergy matches and thereby to 
keep CO2 emissions from being compounded in the energy system, i.e. a REMM rationale. Based 
on the REMM Analysis Tool, the REMM rationale has been instrumental in the design and 
implementation of a premier NZEXB ready building, which will be described in Section 3.2. 

                                                            
3 While RETScreen shares the feature of comparing a base case with a proposed case, it only regards energy 
analysis. On the other hand, other tools that do not compare a base case with a proposed case but include exergy 
are the Annex 49 Pre-Design Tool and Cascadia. The Annex 49 Pre-Design Tool is concerned with an exergy 
analysis of the energy supply systems in buildings and single components (IEA 2011e). Cascadia regards the 
cascade of district energy water in a district pipe network across high rise apartment, low-rise residential and/or 
retail buildings (IEA 2011e). The focal points of both of these tools are thus different than the REMM Analysis Tool.     
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Table 2.6. Screenshots and an Overview of the Key Features of the REMM Analysis Tool  
                 (Based on Paper 7 where it was first introduced in manuscript form and Paper 2) 
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 Main Inputs: 

 New or retrofit building 
 Indoor ambient temp. (K) 
 Reference ground temp. (K) 
 Energy resource temp. (K) 
 CO2 content (kg CO2/kWh) 
 Equipment efficiency (dimensionless) 
 Other energy related inputs 

Main Outputs: 
 Exergy supply (kWh) 
 Exergy demand (kWh) 
 Parameter ѱRi (dimensionless) 
 Direct CO2 emissions (kg CO2/kWh) 
 Avoidable CO2 emissions (kg CO2/kWh) 
 New CO2 wedge (tons CO2/yr/building) 
 Scenario extrapolation (tons CO2/yr) 
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 Interactive, scenario-based planning tool to assess the REMM rationale in buildings: 
 

o Comparison of the level of exergy match over the base case 
o Provision of graphic analysis, including compound CO2 emissions 
o Comparison of the unit CO2 wedges over the base case (if any) 
o Stock aggregation based on the selected case for a given scenario 

Alert 



 

26  Analytical model for CO2 mitigation: REMM
 

 
 

 

2.3.2 Formulation of REMM-based CO2 reduction wedges 
 

Initially, a carbon “wedge” from buildings was proposed to be one of seven wedges that are 
worth a reduction of one gigaton (Gt) of carbon each to stabilize the global carbon emissions of 
the year 2055 at 7GtC (CMI 2011) where 1GtC ≈ 3.67GtCO2. The measures in such a wedge from 
buildings, however, were taken primarily to be end-user options to conserve the usage of energy 
within the base case. Structural changes to rematch the supply and demand points of exergy 
remained as missing areas of improvement. To address this aspect, all else being equal, the base 
case is set as a business-as-usual measure for buildings so that the new wedge considers the 
potential of buildings to reduce compound CO2 emissions based on higher values of ψRi only. 
Hence, the new CO2 wedge is based on the number of total buildings in that year that acquire the 
characteristics of an alternative case to make savings in the base case’s annual compound CO2 
emissions. Unit, national, and global REMM-based CO2 wedges are as overviewed below: 

 REMM-based Unit CO2 Wedges (Per Building): Table 2.7 puts forth the basis of 
formulating a REMM-based CO2 reduction wedge, ωREMM. Here, unit CO2 wedges, i.e., the 
CO2 savings per building per year relative to the compound CO2 emissions of the base 
case, are given when the number of buildings that acquire the characteristics of an 
alternative case in a given year, B[y], is taken to be one in Eq.12. Table 2.7 further 
provides the values of various unit CO2 wedges over a base case that has a value of the 
parameter ѱRi at 0.04 and other default values as referenced in Paper 2. Each of the 
alternative cases represents increasing values of the parameter ѱRi and thus, CO2 savings 
over the base case. In this way, based on Eq.12 that defines a REMM-based CO2 wedge, 
each alternative case eliminates either the direct and/or the avoidable CO2 emissions 
impact of the base case as CO2i[y]B (gray bars) and ΔCO2j[y]B (red bars), respectively.  

Table 2.7. Formulation of REMM-based Unit CO2 Wedges (Per Building) Over the Base Case  
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 REMM-based National CO2 Wedges: At the national level, a business-as-usual (BAU) 
scenario and four scenarios for the REMM-based CO2 wedges are put forth. In devising 
scenarios, the REMM-based CO2 wedges include the default claim that five percent of 
existing buildings and/or twenty percent of new buildings adopt one of the alternative 
cases each year. In the BAU scenario, however, these percentages are only 1/4 and one 
percent following a given base year, respectively, and in this way, subject to maximum 
CO2 emissions. The values in Table 2.8 indicate the results of the BAU and the four CO2 
wedge scenarios that are applied to the building stock of the United States (Paper 2). 
From the base year of 2010, its building stock at about 115 million base case buildings 
are extrapolated at the average rate of 2 million new buildings per year (based on DoE 
2009; Holness 2009). Scenarios are then applied to the total building stock as described. 

Each of the scenarios for the CO2 wedges in Table 2.8 represents various levels of leverage to 
make a significant reduction with the BAU (shaded). The main factors that give leverage power to 
a scenario are the case that is selected, its unit CO2 wedge with the base case, and the share of 
new and retrofit buildings that apply the case over time. In the new CO2 wedge 1, each year 
after the base year of 2010, 20% of new buildings at about 2% of the stock adopt the alternative 
case with a value of the parameter ψRi at 0.91. No additional buildings are retrofitted from the 
BAU so that ψRi remains at 0.04 for existing buildings. In the year 2055, this scenario is limited to 
make a CO2 wedge of only 0.27 GtCO2. The subsequent CO2 wedges apply additional trends to 
retrofit five percent of existing base case buildings to alternative cases with much higher values 
of the parameter ψRi. As indicated in Table 2.8, the new CO2 wedge 2 is able to stabilize the 
increases in the BAU scenario, thereby keeping present levels of CO2 emissions in the year 2055.  

In contrast, the CO2 wedges 3 and 4 are able to bring down the present level of CO2 emissions of 
the building stock in the year 2055 with a REMM-based CO2 wedge of about 1.9 and 2.5 GtCO2, 
respectively. In particular, the new CO2 wedge 4 represents an 81% decrease from the present, 
which parallels the call for an 80% reduction by mid-century (Hansen et al. 2008; Heaps 2009).  

 REMM-based Global CO2 Wedges: Trends that are similar to the national level may be 
further extrapolated to the global level with adjustments made to factors such as energy 
usage per building and the number of buildings, etc. (see for example Paper 1). In this 
way, new CO2 wedges that alter the underlying paradigm of the base case may be put 
forth at the same, global level in which the wedge approach was first conceived. At the 
same time, REMM-based CO2 wedges may diversify the domains of action with which to 
bring the CO2 load in the atmosphere to 350 parts per million (Hansen et al. 2008). 

As a whole, the REMM-based CO2 wedges indicate that major reductions in CO2 emissions are 
possible given a wide mobilization of cases in which the values of the parameter ψRi are higher 
than the base case. Hence, the REMM-based CO2 wedges put forth a “window of opportunity” to 
take a strategic approach to make a shift in the BAU. The trends that are put into place in the 
near future, including the choices of speed and direction in mobilizing such cases, will in turn 
determine how much of this window of opportunity will be captured in the long-term. Making the 
best of this potential requires that policy action takes robust measures to increase the matches in 
the supply and demand of exergy in energy usage to be in better balance with the Planet. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

None of the existing buildings are 
further retrofitted from the base 

case with a focus on new buildings 
at about 2% of the stock alone. 

ѱRi 
(Retrofit) 

ɷREMM 

[2055] 
ΣCO2i 

[2055] % Five percent of existing buildings 
are retrofitted to each offset 6.7 
tons of base case CO2 emissions 
(the CHP-based district DHC). 

ѱRi 
(Retrofit) 

ɷREMM 

[2055] 
ΣCO2i 

[2055] % 

0.04 0.27 
GtCO2 

2.6 
GtCO2 

47 0.75 1.3 
GtCO2 

1.6 
GtCO2 

-10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Five percent of existing buildings 
are retrofitted to each offset 10.7 
tons of base case CO2 emissions 
(hybrid with alternatives only). 

ѱRi 
(Retrofit) 

ɷREMM 

[2055] 
ΣCO2i 

[2055] % Five percent of existing buildings 
are retrofitted to each offset 15.2 
tons of base case CO2 emissions 
(all renewable energy bundles). 

ѱRi 
(Retrofit) 

ɷREMM 

[2055] 
ΣCO2i 

[2055] % 

0.80 1.9 
GtCO2 

0.98 
GtCO2 

-44 0.91 2.5 
GtCO2 

0.34 
GtCO2 

-81 

Table 2.8. Overview of the Four REMM-based CO2 Wedges Featuring Various Case Studies and their Results for CO2 Mitigation in 2055 

New CO2 Wedge 3 New CO2 Wedge 4 

New CO2 Wedge 1 New CO2 Wedge 2 
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2.3.3 Multi-fold CO2 mitigation strategies for decision-making     
 
Essentially, the urgent need to mitigate CO2 emissions requires a strategic approach that can 
give impetus to the speed and direction of progress based on a coherent set of action domains. 
At the same time, it requires tools that can augment the decision-making process for such 
strategies to take place. In this respect, an approach for “multi-fold” CO2 mitigation strategies, 
which is initially introduced for the building level in Paper 2 and extended to the local level in 
Paper 5, is put forth. This approach places the process of decision-making into a context that 
considers each of the four main domains of action in REMM in a solution space to reduce CO2 
emissions. It also addresses a need for coherency in the sense that the solutions are assessed by 
their ability to mark progress in the multiple aspects of curbing CO2 emissions in an integrated 
manner. This further increases the leverage power of strategies to make a shift with the BAU.  

Table 2.9 overviews the key features of the approach based on its “solution space,” which 
includes a baseline benchmark at the origin and target factors that radiate out from it in four 
axes for each of the main domains of action in REMM. Here, the target factors represent 
percentage or percentage point improvements over their values in the baseline benchmark, i.e. 
the base case, which is to be reached in a certain period of time, i.e. the time horizon of the 
strategy. Hence, in contrast to prevalent strategies, the multi-fold solution space places a focus 
on improving the values of not one but all four of the target factors as marked in Table 2.9. In 
this way, it requires that a strategy integrates the target factor for the parameter ψRi, namely 
HψR, into its action domains to drive a transformation towards a sustainable built environment. 

As samples of the desired end-states of a given strategy, the solution space is further marked by 
tiers (levels), which connect all four of the target factors at various points of progress over the 
baseline benchmark at the origin where their values are zero. As guidance to consider a multi-
fold approach, these marks give options for minimum levels of progress in each of the target 
factors to advance to upper tiers. In turn, making progress in one target factor without any 
progress in others, e.g. HψR, limits such advances until a more wholesome approach is adopted.  

Based on Eq.12, an optimization strategy to reduce compound CO2 emissions then becomes the 
means to set HψR and the other three targets factors at the highest tier that is possible. This will 
vary with the possibilities of a given location, its base case status, the action domains that are 
foreseen, and the level of progress that is desired at the end of the time horizon of the strategy 
at a given year, y in the future. Once the strategy is optimized, Eq.12 may also be used as an 
indicator to measure the level of progress leading up to the year, y, which will allow any gap that 
remains between the state of progress and the desired end-state to be compared dynamically.  

In this respect, the solution space in Table 2.9 for multi-fold strategies based on REMM puts forth 
an approach to optimize CO2 mitigation efforts and the coherency of their action domains. In 
Paper 5, the action domains that can address multiple target factors at the same time are 
overviewed, which include a case study on CHP-based district heating and cooling in contrast to 
more energy efficient split systems. In connection to Paper 4, the action domains that benefit 
more than one target factor also extend to geothermal and biomass driven CHP-based DHC and 
others. The focus on action domains that make progress in more than one target factor at the 
same time led by HψR effectively expands the breadth of integrated solutions for CO2 mitigation.  
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Table 2.9. An Overview of the Decision-Making Tools for Multi-fold CO2 Mitigation Strategies 
                (Developed for the building level in Paper 2 and extended to the local level in Paper 5) 
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Target Factors 

  

HѱR   Target Factor for the Parameter ѱRi 

HP   Target Factor for Energy Load* 

Hη   Target Factor for Energy Efficiency 

Hc   Target Factor for CO2 Content 

Sample 
Sustainability 
Tiers (Levels) 

 
Target Factors: 

 
 

HѱR 
 

HP Hη Hc 

     Baseline  0.00 0.00 0.00 0.00 
Tier 1 0.10 0.05 0.02 0.025 
Tier 2 0.15 0.10 0.04 0.05 
Tier 3 0.20 0.15 0.06 0.075 
Tier 4 0.25 0.20 0.08 0.10 
Tier 5 0.30 0.25 0.10 0.125 

In
d

ic
a
to

r 

 
 Eq.12 

S
te

p
s 

 
 

 
* Given as the percentage of decrease rather than the percentage points of increase or decrease based on Eq.12 

Currently, long-term targets may be geared to address one but not all of the aspects of the 
solutions space, e.g. reducing the energy load of buildings by 30% by 2030 (ASHRAE 2008). In 
contrast, more wholesome targets must also involve other aspects for a coherent strategy. This 
may include the target of increasing the average of the parameter ѱRi by 30 percentage points for 
buildings in a given area. At the local level, a similar present state applies in which action 
domains may be limited to certain aspects of the solution space only. For example, actions on 
any one of the three fronts of energy load, energy efficiency, and/or shares of renewable energy 
suffice to define a strategy for sustainable energy development (Lund 2007). At the same time, 
there is little if not any guidance on the ways of integrating these aspects into a coherent 
strategy or to address the gaps among them or those on other fronts, e.g. exergy matches. 

The steps a-e as given in the last row of Table 2.9 are pertinent to develop a decision-making 
process in which similar needs can be addressed. Such a need also coincides with a time in which 
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Sustainable Energy Action Plans (SEAP) are prepared by local governments in Europe to reduce 
CO2 emissions by at least 20% by 2020 (Covenant of Mayors 2010). As a result, based on the 
approach for multi-fold CO2 mitigation strategies, steps a-e can be applied to augment these 
Action Plans. In addition, the multi-fold solution space with the additional target factor HψR for the 
parameter ѱRi is proposed to help meet or surpass the 20% target at the local level (Paper 5). A 
numerical case study on a strategy for a capital city district further supports this proposal: 

 Multi-fold CO2 mitigation strategy for a capital city district: With the aim of 
launching steps a-e at the local level, options for a multi-fold strategy to curb CO2 
emissions were put forth for the district of Çankaya in the capital city of Ankara, Turkey. 
These options were all prepared for a time horizon of 10 years leading to 2020 at which 
time the district would realize a more environmentally friendly vision according to the tier 
that is to be reached in the options. In this process, a reference (baseline) scenario was 
first projected to 2020 based on the trends that were set by the available statistics for a 
given base year.4 Then, target factors at five tiers were applied to this scenario as five 
different options that would be possible based on the actions of a more informed 
citizenry, e.g. more exergy-aware choices, energy savings, etc. These target factors 
assumed a steady rate of progress to reach the end-state values in Table 2.9 for each 
level. In this sense, each of the five options (scenarios) may be seen to be a backcasting 
approach to reach a desired end-state in the future given an appropriate mobilization in 
the present. When the scenarios are compared based on Eq.12, the results indicate at 
least a 20% decrease in compound CO2 emissions in 2020 from the base year as the 
integrated effect of all of the target factors when taken as a whole (see Paper 5).  

Additionally, in all of the five scenarios for the district, the largest room for improvement over the 
baseline scenario is in the target factor HψR. The reason is that while there are some key cases in 
Çankaya, including a premier NZEXB ready building (see Section 3), the building sector at large 
is entirely characterized by the base case as is the general case in the stock worldwide. As a 
result, the greatest potential to make a leap forward to curb CO2 emissions appears to be in 
those action domains that raise all of the target factors led by leaps in the target factor HψR. In 
Paper 5, the value of the target factor HψR for “exergy-led urban symbiosis” is also discussed. 

It is expected that the process that is put forth in Çankaya will be further enriched with a process 
that includes the voice of the citizenry to imagine their energy future. Around the world, for 
example, the districts who have applied a backcasting exercise to curb CO2 emissions with citizen 
engagement include Murau (Späth and Rohracher 2010) and Kyoto (Gomi et al. 2010). 
Stockholm, too, has conducted a backcasting exercise to reduce energy use in buildings by 50% 
by 2050 (Svenfelt et al. 2011). Ways to promote urban sustainability and capture situations of 
opportunity have been studied as well (Weingaertner 2010). In the case of Çankaya, not only will 
this increase the level of commitment to make the strategy a reality but also allow the district to 
engage in a premier effort to plan the action domains of a multi-fold approach for CO2 mitigation. 

  

                                                            
4 The statistics included average energy use for heating per square meter (OECD/IEA 2007), heating degree days, 
electricity use per person (TEDAŞ 2009), population, and population growth. The base year is set as 2009 as the 
year the project was initiated after which target factors begin to come into effect later in 2011. In the full project 
documentation (in Turkish), the scenarios for each of the target factors are further discussed and formulated.  
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3 Building block for an exergy-aware energy system: Net-zero exergy   
   buildings (NZEXB) 
 
Strategies for restructuring the energy system must have a “building block.” This is namely a 
level of application that serves as a basic unit of the strategy while putting forth all of its key 
principles, which may later be scaled-up to higher levels of application. Furthermore, REMM 
indicates that the energy system must be restructured based on “exergy-aware” relations to curb 
compound CO2 emissions. In this sense, exergy-aware means that all stages of the energy value 
chain leading to energy services are re-wired based on pathways that provide for better matches 
in the supply and demand of exergy. A Net-Zero Exergy Building (NZEXB) is a common platform 
where both of these necessities meet. It is active in all of the counterpart stages of an exergy-
aware energy system at the building level. At the same time, it puts forth key design guidance 
that may be scaled-up to higher levels, including net-zero exergy communities (NZEXC).  

Based on Papers 6-9, this section overviews the original concept of NZEXB as put forth by the 
author and the way that it contrasts with the shortcomings of net-zero energy buildings. It further 
provides the various strategies to meet the NZEXB target and validates the results of these 
strategies in a premier NZEXB “ready” building. Hence, from conceptualization to realization, this 
section of the thesis puts forth NZEXBs as a building block for an exergy-aware energy system. 

3.1 The conjecture for the new, net-zero exergy buildings concept 
 
The “net-zero” buildings concept is a potentially transformational concept in the sense that it 
positions buildings not only as end-users but also as actors within the energy value chain. This 
shift of position allows net-zero buildings to present a valid contribution in the energy transition 
towards a more sustainable energy system. One of the persistent problems of the current energy 
system, however, arises from the failure to structure the usage of energy resources according to 
exergy matches. According to REMM, this further perpetuates compound CO2 emissions at large. 
Rather than an “energy” transition, the mandatory shift in the energy system thus appears to be 
a “transition” towards more exergy-aware relations throughout the energy value chain itself.  

Among net-zero building concepts, a net-zero energy building (NZEB) generates as much energy 
from renewable energy sources as its energy usage on an annual basis. However, this does not 
always indicate that the building has addressed its internal structural exergy mismatches. As a 
result, the NZEB comes short to provide the basis for the transition towards a more exergy-
aware energy system. In this conjecture, the net-zero exergy building (NZEXB), which takes its 
key design principles from REMM, is put forth as a building that meets the net-zero status taking 
into account the exergy of its energy activities. As will be discussed in more detail, this further 
allows the building to increase its net self-sufficiency while reducing compound CO2 emissions. 

As overviewed in Paper 8, net-zero energy targets are being adopted around the world and new 
targets are still on the global agenda. In a time when there is a search for both an energy 
transition and net-zero targets, the new NZEXB concept thus addresses the need for a micro-
level model of the transition towards more exergy-aware relations in the energy value chain.       

3.1.1 Shortcomings of net-zero energy buildings 
 

The shortcomings of NZEB may be characterized to be two-fold. First, there is the shortcoming 
that a building, which qualifies as a NZEB, may still be characterized by stark mismatches in the 
design decisions to allocate high exergy sources to low exergy demands (Paper 9). Without 
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addressing these at the building level, it is not possible for a NZEB to leverage a greater shift in 
the energy system for more exergy-aware relations. Second, there is the related aspect that the 
metric of the balance does not differentiate between diverse exergy supplies or demands. As a 
result, as overviewed in Paper 6, a building that qualifies to be a NZEB may not qualify to be a 
NZEXB due to the different exergy values of the exchanges with the grid. At the same time, 
given that the import and export of energy is in the same amount, a building that has a higher 
exergy relation with the energy system may hold the same status as a building that has a lower 
exergy relation with the energy system (see Kilkis 2010). These main shortcomings limit the 
impact of the NZEB definition to act as leverage towards an exergy-aware energy system.  

These shortcomings are completely different from the more incremental issues that are identified 
in the NZEB definition, such as the choice of boundary for site vs. source energy (Torcellini at al. 
2006). Other issues may include the balancing period, the type of energy use, and building-grid 
interaction among others (Marszal et al. 2011).5 In contrast, the shortcomings that are identified 
herein directly stem from the lack of design guidance due to the choice of the metric in the NZEB 
definition. In the order of Papers 6-9, the two shortcomings of focus are given below. Both of 
them must be addressed if net-zero buildings are to leverage an exergy-aware energy transition: 

 The summation of energy supplies with different exergy levels:  The metric of the 
balance in NZEB does not differentiate between diverse exergy supplies or demands. On 
the supply side, energy flows that may have different exergy levels may simply be added 
without any account of their exergy, e.g. those of electricity versus low exergy thermal 
energy. One of the ramifications of such a summation is the fact that a building that 
qualifies to be a NZEB may not qualify to be a NZEXB, which is exemplified in Paper 6.  
The greater ramification of this outcome, however, is the fact that the building and its 
interaction with the grid may not be optimized to fully reduce environmental impacts.  
A NZEB, which exports energy with a lower exergy level than that which it imports, for 
example, represents an asymmetry that puts the largely fossil fuel-based energy system 
in a position that is less favorable. This will require the energy system to generate more 
of its high exergy resources in place of the energy exported by the building. This would 
negate not only any true sense of a net-zero status but also any kind of a net-zero CO2 
impact status (Paper 6). A further dilemma is that the metric of NZEB does not provide 
any incentive to better balance the exergy levels of the exchanges between the building 
and the grid. Yet doing so would better neutralize its impact in the energy system from 
an exergy and environmental viewpoint, all of which summarizes this NZEB shortcoming.         
 

 The persistence of mismatches to diverse exergy demands: The above dilemma 
characterizes the case of an exergy mismatch in the building-grid interaction of a NZEB. 
Internally at the building level, however, there may also be mismatches to the diverse 
exergy demands of a building. In this respect, a NZEB may still be directing high exergy 
resources to low exergy demands as in the base case. In fact, a survey of state-of-the-art 
NZEBs indicates there to be exergy mismatches in “near” net-zero, net-zero, and net 
energy producing buildings (Paper 9 and Kilkis 2010). While not evident from the NZEB 
status, these same mismatches can be affecting the building’s NZEXB status as discussed 
in Paper 8. As one option, the building may thus opt to receive lower exergy resources 

                                                            
5 Net-zero definitions can vary between the metric of the balance, the balancing period, the type of energy use, 
accepted renewable energy options, and building-grid interaction among others. Based on an excerpt from Paper 6 
of this thesis, Marszal et al. also cites the author’s original net-zero exergy buildings definition. The literature 
survey further introduces IEA Annex 52 that is tasked with the aim of harmonizing net-zero building definitions.  
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for space heating and cooling, such as those from a CHP-based district energy system, 
rather than grid electricity in the same amount of energy (see Table 3, Paper 8). All else 
being equal, such a substitution will remain unrecognized in any NZEB status while it will 
improve a NZEXB status. This exemplifies the fact that the NZEB status proves to be 
indifferent to the persistence as well as the improvement of mismatches with diverse 
exergy demands. In this way, too, a NZEB comes short to provide leverage towards an 
exergy-aware energy system, which requires that these shortcomings be fully recognized.   
 

Consequently, as indicated earlier, a key strategy to reach an exergy-green level of performance 
in hybrid buildings is to seek to eliminate instances of the base case. Any net-zero building, 
which interacts with the grid as necessary, is a hybrid building that engages in more than one 
case. The survey of the state-of-the-art of NZEBs, however, indicates the persistence of the base 
case not only in cases of backup but also as part of the regular design in some (see Scenarios 1-
4 in Paper 9).6 In contrast, curbing compound CO2 emissions in the energy system requires that 
the root-cause of exergy mismatches as in the base case is addressed, including those in state-
of-the-art NZEBs. This requires that the shortcomings of NZEBs in summing energy flows with 
different exergy levels and the persistence of mismatches to diverse exergy demands are settled.   

3.1.2 The net-zero exergy building concept and REMM principles 
 
Based on REMM, the definition of a NZEXB is put forth to develop the net-zero building concept 
so that it better acts as the building block for a more exergy-aware energy system. The original 
definition places an emphasis on exergy-aware relations via the building and the grid as well as 
any thermal loop, which were missing in the NZEB target. A NZEXB is thus defined as a building, 
which has a total annual sum of net-zero exergy transfer across the building-district boundary in 
a district energy system (Paper 6). Subsequently, the outcome of matching exergy levels within 
NZEXBs and its impact on the external relations of the building are also analyzed. In this way, 
the two-fold shortcomings of NZEBs are solved with a two-fold approach, which as a whole, 
covers the external as well as the internal relations of a building based on key REMM strategies.  
 
Table 3.1 summarizes the NZEXB target as it is formulated based on the annual exergy 
consumption (AEXC) of a building. As Eq.14 indicates, for all time increments k in a year 1 to m, 
AEXC is equal to the summations of the values of on-site exergy production and the net exergy 
transfer of the building within the energy system. The term “net exergy transfer” here means the 
summations of the import of exergy when there is any deficit minus the export of exergy when 
there is any surplus in meeting instances of AEXC at a given time. For a building to qualify as a 
NZEXB, AEXC must at least be met by annual on-site exergy production, which means that their 
difference must be less than or equal to zero. Following Eq.14, the net annual exergy transfer 
must also be less than or equal to zero. The rearrangement in Eq.15 thus includes the condition 
of whether the annual sums of both of these pairs are less than or equal to zero. In the tree 
diagram within Table 3.1, the first level terms of AEXC are also separated into electrical and 
thermal exergy, the latter of which may be used in real time or stored for later use at time k+x.  
 

  
                                                            
6 Figure 2 of Paper 9 gives the relative positioning of buildings with regards to the NZEB target and indicates those 
that are found to have cases with low exergy matches. These include natural gas boilers or the use of electricity for 
space heating and/or cooling. These instances represent lost opportunities to adopt supply or demand-driven 
approaches for better exergy matches to import less higher-exergy resources and/or export more to the grid.  
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Table 3.1. Comprehensive Formulation of the NZEXB Target based on AEXC (Papers 6-9) 
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* In the order given, the two terms represent the net annual exergy transfer of a building.   
** On-site exergy production is also termed renewable exergy supply (REXS) in Figure 3.2. 

As the bottom row of Table 3.1, a building is thus a NZEXB if and only if it has a total annual sum 
of net-zero exergy transfer based on its exchanges with the energy system. This is possible if a 
building produces as much exergy from on-site production as its own AEXC on an annual basis.   
 
For a building to realize the new NZEXB target, a key REMM strategy is to manage each instance 
of energy activity in such a way that these instances as a whole are characterized by exergy-
aware relations. This is possible if the exergy demands are diversified into higher and lower 
exergy demands and then matched to exergy supplies within hybrid cases (see Section 2.2.1). In 
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a NZEXB, this process defines the design principle of “adopting a multi-path approach” in which 
the exergy demands are first diversified and then re-linked to energy resources that provide a 
better fit for exergy matches. On top of any energy load reductions, this re-linkage lowers the 
AEXC of the building provided that low exergy demands are linked to lower exergy supplies. At 
the same time, if on-site production is boosted to meet AEXC, then the ability of the building to 
be self-sufficient in relation to its exergy supplies on a “net” annual basis increases. Hence, a key 
underlying strategy to manage the net-zero status of a NZEXB is to maximize the parameter ѱRi 
whose values depend on the level of exergy matches. Table 3.2 provides the cross-linkages 
between NZEXB design principles and REMM strategies to raise the value of the parameter ѱRi. 
 
Table 3.2. Overview of Key NZEXB Design Principles and Contribution from key REMM Strategies  
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AEXC      

Substitute for a lower import of exergy 
from the grid (e.g. district energy system) 
and eliminate the same amount of natural 
gas/electricity for heating and/or cooling 

0.04 0.75 * *   

Use the import of natural gas from the grid 
for micro-CHP (Notes: ** lowers AEXC for 
heating/cooling *** holds if biogas is used  
**** holds when there is excess to export) 

0.04 0.80 ** * *** **** 

Substitute the base case with renewable 
energy bundles that act as a micro-CHP, 
i.e. bundling of PV/Wind and GSHP  

0.04 0.91 * * * **** 

Reduce the import of high exergy from the 
grid by increasing passive solar design, etc.  0.04 1.00 * *   
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In Table 3.2, the possible combinations of the effects of some key strategies based on REMM are 
marked. The effect of such strategies on the terms in Eq.15 to meet the NZEXB conditionality 
may be to minimize AEXC, minimize the import of exergy from the grid, maximize the exergy 
that is produced on-site, and/or maximize the export of exergy to the grid. All strategies lower 
AEXC since a higher value of the parameter ѱRi allows for low exergy demands to be linked to 
lower exergy supplies. Some of the highest exergy matches is also made possible by renewable 
energy bundles, both of which curb compound CO2 emissions in the energy system. One of the 
strategies, namely the substitution of the base case with renewable energy bundles that act as a 
micro-CHP, was the focus of Paper 7 in which a GSHP is optimized to be driven by a wind 
turbine.7 Paper 8 further exemplifies the approach of re-linking energy resources to better 
exergy matches to minimize the import and maximize the export of exergy for a NZEXB status.  
 
Furthermore, as put forth in Table 3.2 based on Paper 9, all three key NZEXB design principles 
(P1-P3) complement one another to support the NZEXB status. Adopting a multi-path approach 
(P1) requires that diverse exergy demands are re-linked to better exergy matches. This is an 
effective way to lower AEXC, which is needed to manage the NZEXB status. Increasing net self-
sufficiency (P2) necessitates that AEXC is met from on-site production on an annual basis with 
exchanges with the energy system as needed. Finally, curbing compound CO2 emissions (P3) due 
to the energy activities of the NZEXB calls for a wholesome view of the REMM boundary at large. 
Made possible by the previous two principles, this requires that the NZEXB engages in cases with 
an exergy-green performance in both of its on-site and external relations. Based on principles 
P1-P3, NZEXB design thus represents a keen awareness on exergy matches and on energy flows 
with different exergy levels. The outcome of a NZEXB status will also benefit the energy system, 
which on an annual basis, will receive at least the same amount of exergy as it had provided to 
the building. In these ways, a NZEXB will give impetus to attaining a more exergy-aware status.   
 
Accordingly, all three design principles converge to shape the prospects of the NZEXB as a 
“building block” for an exergy-aware energy system. This is supported by the fact that the 
exergy activities of a NZEXB cover multiple aspects of an energy value chain. For example, the 
sample strategies in Table 3.2 affect choices that span the production and end-usage of energy. 
Working back from the diversified exergy demands in the end-usage of energy, only those types 
of energy that provide a better fit to the desired exergy profile are mobilized in the process of 
meeting the demands. This may include the on-site production and/or the import of energy in a 
more exergy-aware manner by taking into account the need to re-link resources in better exergy 
matches. A NZEXB may also be actively engaged in the exergy-aware storage and distribution of 
energy (as highlighted in Section 3.2). Hence, a view of the entire energy value chain is put forth 
at the micro-level of a NZEXB so that a multi-path approach impacts all of the counterpart stages 
of an exergy-aware energy system. This in turn, increases net self-sufficiency by improving the 
NZEXB status and at the same time, curbs compound CO2 emissions due to exergy mismatches.  
  

                                                            
7 A GSHP that runs on renewable energy with a closer exergy match in the REMM boundary will also provide better 
results for the NZEXB status than a building in which the GSHP runs on grid electricity from a central power plant.  
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3.2 Results from a net-zero exergy “ready” building implementation 
 
Beyond the conceptualization of the new NZEXB target, it was possible to further analyze a 
premier building in which the NZEXB design principles were deployed (Paper 9). Thus in this 
thesis, the NZEXB was taken from conceptualization towards realization. The building is a new 
commercial building in the capital city of Ankara, Turkey with 6,971 square meters of conditioned 
floor space, namely the ESER Green Building. The same building is the first building in Turkey to 
receive the highest Platinum rating in Leadership in Energy and Environment Design (LEED). This 
was possible through a coherent set of marks across different aspects of the LEED rating system.  

A key aspect that makes this building unique at an international level is its integration of building 
technology according to REMM and NZEXB design principles. This aspect, which would have been 
left unrecognized in the rating system, was awarded full points under the “Innovation in Design” 
category. Although it consists of a lower weight (maximum 6 points), this category leaves room 
to recognize buildings for putting forth approaches that are not addressed by the other LEED 
categories.8 While weighting schemes as a whole in building rating systems may be challenged in 
general (Burnett 2007), the situation itself alludes to a greater fact. This is that REMM and 
NZEXB design principles are ahead and beyond the horizon of present building rating systems.  

Table 3.3 contrasts the ESER Green Building with the features of other hybrid buildings that 
have neared or reached the NZEB status. The features of these other buildings were compiled by 
the author (Kilkis 2010) from data presented in the ASHRAE Countdown to a Sustainable Energy 
Future...Net-Zero and Beyond Conference (ASHRAE 2009) and the IEA Net Zero Energy Buildings 
Database (IEA 2011d). Here, it is possible to see that the ESER Green Building, hereafter the 
NZEXB “ready” building, spans a more diverse array of features when it comes to renewable and 
low exergy technologies, energy storage, and system efficiency. All of these are outcomes of the 
application of NZEXB design principles. As the premier building in the world to deploy REMM 
strategies, it thus puts forth NZEXB design principles to integrate building technology in a multi-
path approach. As reported in Paper 9, this allows the building to raise the annual value of the 
parameter ψRi to about 0.80, increase net self-sufficiency, and curb compound CO2 emissions.   

  

                                                            
8 The “Energy and Atmosphere” category (maximum 35 points) rewards aspects such as the optimization of energy 
performance based on lowered energy loads as well as on-site renewable energy and green certified power. This 
leaves out the aspect of integrating building technology as a whole in ways to improve exergy matches. While at a 
lower weight, the deployment of REMM strategies were awarded under the “Innovation in Design” category only (6 
points). In the final mark, a building must receive 80 points or higher to receive a Platinum rating in LEED. The 
NZEXB ready building received 92 points in LEED, which places it among the top buildings in the world with the 
highest points based on innovative design (ESER 2011). As indicated in the LEED database, the building is the first 
Platinum building in Turkey (USGBC 2011). It is also the first building in the world to deploy REMM strategies. 
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Table 3.3. Comparison of State-of-the-Art Net-Zero Buildings with the NZEXB Ready Building 
                 (From authors survey of state-of-the-art net-zero buildings referred to in Paper 9) 
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 ESER Green Building + + + + P + + + + + + + + + + + + + + + 

 Columbia Springs Education and Science Facility +  + + + + + + + +  

 D. and L. Packard Foundation Building  +  + + + + C  +  

 Exploratorium at Pier 15+17  +  + + + + + +  

 Greenhill Contracting Green Acres Sub-Division +  +  + + + + 

 Hudson Valley Clean Energy Office and Shop  +  + +  + + + +  

 Ideal Homes Zero Energy Home  +  +  + + + + +  

 IDeAsZ2 Office Renovation + + + + + + + 

 Kaneda Residence  +  + +  +  + + + + + + + +  

 Kitsap SEED Clean Tech Center + + + + + + + + + + + + + 

 Marin County Day School Steps I & II  +  + +  +  + + + 

 Nueva School Hillside Learning Complex  +  +  + + + + + + + +  +  

 Oberlin College Environmental Studies Building +  +  +  + + + + + +  +  

 Ocean Science Education Building  +  + + + 

 Richardsville Elementary School  +  +  + + + + +  

 Science House, Science Museum of Minnesota  +  +  +  + + + + + +  

 Tang and Turner Residence + + + + + + + + + + + 

 The Audubon Center at Debs Park  +  + +  + + + +  +  +  

 The Hawaii Gateway Energy Center  +  + +  + + + +  

 The Holland and Yates Residence + + + + + + + 

 The Ratna Ling Retreat Center + + + + + + + + + + 

 The Union Lofts Town Homes  +  + + + +  +  

 US NREL Research Support Facility + + + + + + + + + + + + 
 

 
  

Notes: The symbol “+” marks the relevant features present in the building, P indicates a planned project, C indicates chilled beams. 
 
*Includes the orientation of windows, walls and/or floors in a way as to collect, store, and distribute solar energy as seasonally necessary. Two specific 
techniques of passive solar design (Trombe wall and high thermal mass envelope) are also provided separately in the following columns. ** There are 
many techniques to supply natural light during the day for internal lighting, some of which include architectural design, solartubes, and skylights, etc. 
***Radiant heating and/or cooling is given to be in-slab radiant heating and/or cooling except where indicated for compressor-free hydronic cooling 
based on chilled beams (C). ****High-efficiency boilers are to be taken as “high-efficiency” based on energy analysis only. *****Includes the use of 
occupancy sensors, Sunny Boy inverters, outlet meters and lower electricity load equipment. ****** For measures other than harvested rainwater. 
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3.2.1 Multi-path approach for integrating building technology 
 
The building design team of the NZEXB ready building adopted an exergy-aware point of view to 
integrate building technology based on REMM.9 With architects and engineers working together, 
the energy loads with respect to a building at the baseline of ASHRAE 90.1 were reduced 
significantly. In electricity and HVAC, respectively, this was about a 45% and 50% energy 
savings as reported by a third-party (Altensis 2010) and about a 45% and 90% exergy savings 
as calculated by the author.10 The additional savings on an exergy basis for HVAC comes from 
the substitution of lower exergy resources for the usage of high exergy resources in the baseline. 
Considering AEXC, its value was 177 kWh/m2-yr in the baseline, which includes the usage of high 
exergy resources for low exergy space heating and cooling loads. In the present case, however, 
the value of AEXC is only 60 kWh/m2-yr (see Paper 9). The multi-path approach for matching 
exergy supplies to diversified exergy demands upholds a key role in this particular reduction.        

In the multi-path approach for integrating building technology, the objective was to resolve the 
exergy mismatches of a baseline building by increasing the value of the parameter ψRi. This 
approach is summarized by the matrix that is provided in Figure 3.1, which maps out the way in 
which the diversified exergy demands are matched to their counterpart exergy supplies. In 
contrast to energy flow diagrams, this matrix has two axes, namely an axis that differentiates 
high and low exergy levels and an axis for the supply and demand sides. Hence, when the 
integration of the building technology is mapped out on this matrix, it is possible to see the 
direction of the linkages across the supply and demand sides. Here, the linkages are from high 
exergy supplies (top left area) to high exergy demands (top right area) and low exergy supplies 
(bottom left area) to low exergy demands (bottom right area). In this way, the direction of the 
linkages is set out to be horizontal rather than cross-sectional.11 This effectively resolves the 
exergy mismatches of a baseline building as well as those that exist in state-of-the-art NZEBs. 

Figure 3.1 thus maps out the NZEXB ready building as a hybrid building, which engages in multi-
system bundles to better balance the supply and demand of exergy. A mix of PV and building 
integrated photovoltaic (BIPV) panels and a low velocity sensitive wind turbine are integrated 
with a CHP unit for electric power (top left). This may directly be used on-site for lighting and 
plug loads or exported to the city’s electricity grid depending on instantaneous loads (top right). 
The heat supply of the CHP is further positioned as a low exergy supply together with other such 
cases (bottom left). Here, any heat from the CHP is directed to the higher-low exergy thermal 
energy storage (TES) or to an absorption chiller, which feeds the second higher-low exergy TES 
in the summer. Furthermore, any reject heat from the absorption chiller is reclaimed and 
directed to the water loop of the solar collectors to be upgraded for usage in a “circular exergy” 
approach. A GSHP, which harvests heat or cold from the ground with the assistance of electricity 
from on-site production, is also directed to a second pair of low exergy TES. Both of the TES 
pairs act as an interfacing “buffer” to allow the supply and demand of exergy to meet in time 
either for higher-low temperature HVAC or radiant heating and cooling (see Paper 9). This 
buffer, which is based on a set of TES that is diversified according to the lower exergy demands, 
further facilitates the automatic building controls to interface the supply and demand sides.  
                                                            
9 The role of the author was to brief the building design team with key information regarding REMM and NZEXB. 
Several papers of the author were also referenced in the feasibility reports that led to the building’s final design.  
10 The energy savings over ASHRAE 90.1 were reported by Altensis as part of Appendix G of the LEED application. 
Based on data that was modeled in Energy Plus by the third-party, the exergy savings and all related exergy values 
were calculated by the Author. In the baseline, electricity was used for cooling and natural gas was directly used for 
heating. In the present building, these high exergy resources were substituted by low exergy resources.   
11 This aspect of integrating building technology towards a NZEXB supports the low-exergy approach (IEA 2011c). 
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Figure 3.1. Matrix Layout of the Exergy Matches in the NZEXB Ready Building Design (Paper 9) 

Overall, the matrix maps out an integration that is knit in such a way as to provide for more 
systematic exergy matches, which are targeted to resolve those mismatches of a baseline 
building. In these ways, as a hybrid building, the NZEXB ready building applies various cases that 
increase the value of the parameter ψRi. The multi-path approach raises the value of the 
parameter ψRi from what would be 0.18 in a baseline building with base cases for electricity and 
space heating/cooling to 0.79 in the NZEXB ready building. This increase of 0.61 points in the 
value of the parameter ψRi as a result of a multi-path approach represents the weighted mean of 
all of the cases in which the building is engaged as a hybrid building (see Eq.11 in Table 2.3 and 
Paper 9). The piping to export higher-low exergy heat and cold to a public sports arena nearby 
has been completed, which will further allow the building to function as a local energy satellite.  

Table 3.4 indicates that an increase in the parameter ψRi is an important driving factor to reduce 
AEXC more than the energy savings in the NZEXB ready building. The right graph indicates the 
monthly breakdown of AEXC (bars) and energy loads (lines) for the baseline (light gray pairs) 
and present building (dark gray pairs), respectively. In the baseline building, the AEXC bars 
closely follow the line that denotes its energy usage due to the intensity of high exergy 
resources. In contrast, there is a significant gap between the AEXC bars and the line for energy 
usage. This is due to the usage of lower exergy resources, especially for heating and cooling, 
based on a multi-path approach. Hence, while there is a significant reduction in energy usage 
between the baseline and the present building (marked as R1), there is even a greater reduction 
in AEXC (R2). Due to its role in bringing down AEXC in the present building, the gap between 
AEXC and energy usage in the NZEXB ready building is denoted in Table 3.4 by ΔψRi as the 
“multi-path approach factor.” This reduction in AEXC, which lowers the usage of high exergy 
resources per unit area, is currently unrecognized in rating and labeling schemes for buildings.      
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Table 3.4. Comparison of AEXC and Energy Loads in the Baseline and NZEXB Ready Building  

                                            Monthly Breakdown                                                         Annual Sum 
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3.2.2 Increased “net” self-sufficiency from on-site production 
 
The multi-path approach, which is put forth to integrate building technology in the NZEXB ready 
building, supports the next principle that is key for NZEXB design. In this way, the reduction in 
AEXC as a result of the multi-path approach provides a robust basis to allow the building to 
improve its “net” self-sufficiency. In addition, the integration of building technology provides an 
essential basis to boost on-site production to meet the reduced AEXC. In the NZEXB ready 
building, the reduced AEXC at about 60 kWh/m2-yr is effectively met with on-site production at 
about 62 kWh/m2-yr as reported in Paper 9. The breakdown of the on-site production from each 
building technology and their loads is further analyzed on an annual basis in Table 2 of Paper 9.  

Based on the same set of data, Table 3.5 provides the relation of AEXC (gray line and bar) and 
on-site exergy production (red line and bar) on a monthly and annual time series, respectively. 
In both of the series, which are summations of hourly data, the exergy levels of the various loads 
and the amount of on-site production are differentiated. As a means of coherence with the 
formulation of the NZEXB target in Eq. 15, Table 3.5 further provides the series of monthly “net” 
exchanges with the energy system (lower bars). In this respect, it is possible to see that when 
there is a deficiency of on-site production to meet AEXC, there is an import of exergy from the 
grid. In such cases (purple bars), mostly green certified power is imported from the grid. On the 
other hand, when there is a surplus of on-site production over AEXC, there is an export of exergy 
to the grid (green bars). This is the case in seven months of the year when there is a peak in 
solar insolation and/or when the CHP unit is delegated to work more. The CHP is also delegated 
to work more to meet the cooling related increases in AEXC in which times it supplies heat to the 
on-site absorption chiller and exports the excess electricity that it produces to the power grid.  

The top right inset of Table 3.5 is where the AEXC and the on-site exergy production of the 
NZEXB ready building are compared on an annual basis. Given that the CHP runs on local biogas, 
all of the on-site exergy production will be equal to renewable exergy supply (REXS). As the gray 
and red bars, respectively, AEXC is exceeded by on-site exergy production in the amount of 2.4 
kWh/m2-yr. This value indicates that the building attains net self-sufficiency in the sense of AEXC 
being at least equal to on-site exergy production. It also defines the net transfer that takes place 
between the building and the energy system, with the building being a net-exporter. Such a 
status adds value over buildings that lack capabilities to meet AEXC from on-site production, not 
to mention those that are wholly importers as end-users. It further adds value over a NZEB 
status based on the fact that the summation takes into account the different exergy levels of the 
energy flows on an annual basis. Hence, the NZEXB ready building is to meet AEXC from REXS 
and normalize its exchanges with the energy system on an exergy basis. As a whole, at both the 
building and building-grid interaction level, this provides for a truer view of the net-zero status.  
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Table 3.5. AEXC, On-Site Exergy Production, and Net Transfers in the NZEXB Ready Building 

                                            Monthly Breakdown                                                         Annual Sum 
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3.2.3 Curbed compound CO2 emissions in the energy system 
 
Both of the above NZEXB design principles contribute to the third NZEXB design principle, which 
is to curb compound CO2 emissions in the energy system. As developed throughout this thesis, 
curbing CO2 emissions that are being compounded in the energy system due to exergy 
mismatches requires solutions that address such a failure from its root cause. In this respect, the 
multi-path approach puts forth a dedicated means to increase the value of the parameter ψRi by 
better matching the supply and demand of exergy, which effectively reduces AEXC. Moreover, 
increasing net self-sufficiency pushes the building to meet its reduced AEXC in part or in whole 
from on-site production. This opens the chance to diversify the energy mix to include a greater 
share of REXS. Driven by the synergy that exists among these key NZEXB principles, the NZEXB 
ready building is able to curb its compound CO2 emissions by 75% over a baseline building 
(Paper 9). Accordingly, while the compound CO2 emissions of a baseline building is found to be 
about 126 kg CO2/m2-yr, those of the present building is found to be only 31 kg CO2/m2-yr.  

As a whole, the NZEXB ready building exemplifies what is possible when an integrated approach 
is taken in the REMM boundary to curb CO2 emissions. For example, if the NZEXB ready building 
was mapped out onto the multi-fold solution space in Table 2.9, then it would surpass the values 
of the target factors in the highest tiers. This includes over a fourfold increase in the value of the 
parameter ψRi and an energy load reduction by about half (Paper 9). Depending on the way of 
calculating the CO2 content of biogas, it would also meet the target factor for the CO2 content. 
Currently, based on IPCC Guidelines, there will be a 0.07 kg CO2/kWh reduction from the CO2 
content of the energy mix of Ankara at 0.23 kg CO2/kWh. In contrast, CO2 emission reductions in 
the energy system due to a paradigm shift in the value of the parameter ψRi are not credited in 
present building energy ratings (BER). This is because base case buildings are not attributed an 
avoidable CO2 emission impact in the energy system for the usage of energy resources with poor 
exergy matches. As discussed in Paper 9, the broader REMM boundary is necessary to attribute 
credits to NZEXBs and any buildings in the stock that address the mismatch of the base case. 

Table 3.6 compares the compound CO2 emissions of the baseline and the NZEXB ready building 
on a monthly and annual basis. This indicates the stark reductions in compound CO2 emissions 
within the REMM boundary. Here, whereas the dotted lines represent the monthly compound CO2 
emissions of the baseline, the solid lines represent those of the present case. Total compound 
CO2 emissions are further sub-divided into those of heating, cooling, and electricity. Based on the 
summations of the purple lines (total) for the baseline and present cases, respectively, the bars 
on the right inset give a comparison of their annual compound CO2 emissions. The result, which 
is about a 75% reduction in compound CO2 emissions for the NZEXB ready building, alludes to 
the role that such buildings have in being a model for an exergy-aware energy value chain. In 
the NZEXB ready building, in which all three of the key NZEXB design principles actively come 
together, this is another result that defines the added-value of the building in net-zero design.  
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Table 3.6. Comparison of Compound CO2 Emissions in the Baseline and NZEXB Ready Building  
        (Originally presented in Paper 9 based on the outcomes as summarized herein) 
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3.2.4 Recommendations for NZEXBs in IEA Annex 52 
 
The results of the premier NZEXB ready building as overviewed in Tables 3.4-3.6 put forth a set 
of outcomes for each of the key NZEXB design principles that it has met. For similar outcomes to 
be replicable in other buildings that aim to be a NZEXB, it is important to devise a scheme that 
unifies these key design principles into a common framework. Such a scheme would also be of 
benefit to IEA Annex 52: Towards Net Zero Energy Solar Buildings, which seeks to construct a 
harmonized set of guidelines for net-zero buildings. As footnoted previously, in the scope of 
Subtask A, the Annex is further considering NZEXBs in the mix of definitions based on Paper 6.  

Hence, as part of this thesis, a proposal for a labeling scheme for the new NZEXBs of the future 
is presented in Figure 3.2 with the aim of putting forth a unified framework for NZEXBs. In this 
proposal, the x-axis is REXS, which considers the exergy values of the renewable energy that is 
produced on-site. The y-axis is AEXC, which considers the exergy that is consumed by the 
building on an annual basis. Based on the respective values of its REXS and AEXC, the premier 
example of a NZEXB ready building is positioned in the middle of the graph area in Figure 3.2. As 
other NZEXBs arise, Figure 3.2 will also make it possible to benchmark NZEXBs to one another.  

Additionally, Figure 3.2 is divided into zonal areas, which is mainly divided by the 45 degree line 
that marks the condition of REXS being equal to AEXC. Here, the area to the top left of the line 
represents a deficit of REXS to meet AEXC, which from Eq.15, implies that the building receives a 
net import of exergy from the energy system. Conversely, the area to the bottom right of the 
line, which represents a surplus of REXS to meet AEXC, implies that the building provides a net 
export of exergy to the energy system. It is possible to further sub-divide both of these areas 
into those that represent the import of exergy being far greater than the export of exergy and 
vice versa. As a result, there are four zonal areas in Figure 3.2, which provide a coherent means 
to gain an understanding of the level of net self-sufficiency of a building based on the axes of 
REXS and AEXC. The dashboard in the lower right of Figure 3.2 is an additional dimension. As the 
“REMM dashboard,” it marks the level of exergy-awareness based on dedicated REMM metrics.  

As a whole, the REMM dashboard in Figure 3.2 complements the NZEXB design principle of net 
self-sufficiency with the other two principles. Here, the parameter ψRi is a dedicated metric to 
drive the building towards a NZEXB status based on the NZEXB design principle of adopting a 
multi-path approach, which seeks exergy matches in the supply and demand. In a related 
aspect, ƩCO2i is a dedicated metric to evaluate the outcome of the NZEXB status based on the 
NZEXB design principle of curbing the building’s compound CO2 emissions in the energy system. 
As a result, together with axes REXS and AEXC, Figure 3.2 integrates all three of the key NZEXB 
design principles to put forth a unified framework to guide and position NZEXBs of the future. 

The features of Figure 3.2, which include aspects of integrating key NZEXB design guidance with 
a spatial sense of zonal positioning, are features that are unique in the net-zero literature. This 
complements the target for NZEXBs that has spanned from conceptualization towards realization 
in this thesis. Figure 3.2 also takes another step in putting forth NZEXBs as a building block for 
an exergy-aware energy system. Due to its active relations within the energy value chain, any 
building that aims to be a NZEXB inevitably becomes part of the energy supply structure. This 
aspect makes it even more vital to compare the CO2 emissions reductions of a NZEXB from the 
“energy systems” view of REMM at-large. In addition to the axes and zonal areas that represent 
the formulation of the NZEXB target based on Eq.15, the REMM dashboard satisfies this need.  
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Figure 3.2. The Unified Framework to Integrate All Three of the Key NZEXB Design Principles 
                  (Originally presented in Paper 9 based on the outcomes as summarized herein) 
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3.3 Transformative role of NZEXBs for an exergy-aware energy system 
 
The NZEXB ready building exemplifies the way in which energy services, which require different 
levels of exergy, can be met in a series of exergy-aware relations that span across all of the 
stages of an energy value chain. The energy services that are met in this way include those at 
the building level as well as at the energy system level considering the usage of the export of 
exergy from the building to the grid and/or thermal loop. As the building block of an “exergy-
aware energy system,” NZEXBs have a transformative role in demonstrating how these same 
series of relations can be scaled-up as a model for the energy system as a whole. In this regard, 
the systematic approach that is adopted at the level of the NZEXB ready building based on key 
NZEXB design principles are also valid for being zoomed-out to the energy system at large.   

Table 3.7 overviews how each stage in the energy value chain at the level of the NZEXB ready 
building upholds key NZEXB design principles and features (bottom three rows). The structure of 
the energy value chain at this level has coherence from energy production to sectoral end-usage. 
An additional feature is the exergy-aware relations within and among each stage. Based on these 
features, the NZEXB ready building represents a building block for an exergy-aware energy 
system. The top three rows then put forth a model of what an exergy-aware energy value chain 
would entail not only at the building level but also at the energy system level. The descriptions 
below further convey an image of an exergy-aware energy value chain based on features of the 
NZEXB ready building and discuss how these features can be scaled-up in the energy system:  

 Exergy-aware energy production: The energy resources from which to produce 
energy need to be selected with an outlook that considers the loads of the diverse exergy 
demands that will be met. From the very first stage, this requires a view of the entire 
energy value chain to be able to work backwards from the sectoral end-usage and find 
the energy resources that will provide for better exergy matches. In the NZEXB ready 
building, this outlook effectively diversifies the sources of energy resources, i.e. biogas, 
solar, wind, and ground-source heat. At the same time, it puts forth an energy mix that 
resembles the mix in a renewable energy system. The same applies as a valid option that 
is replicable at the level of the energy system. In this way, it is possible for the NZEXB 
ready building to exemplify exergy-aware energy production in the energy value chain. 
This stage is also important to lower the AEXC of all sub-system(s) in the energy system.       
 

 Exergy-aware energy conversion: Once the resources from which to produce energy 
are selected, energy is to be converted into forms that best utilize the levels of the 
exergy supply. Hence, the process of energy conversion continues to be a key aspect of 
linking the supply and demand of energy with better exergy matches. Based on Figure 
3.1 that represents the multi-path approach in the NZEXB ready building, it is possible to 
see that the technologies used to convert energy depict such choices. For example, a CHP 
rather than a boiler and a PV/PVT rather than only a solar collector are deployed. This is 
in the sake of better utilizing the exergy of these energy resources, including renewable 
energy. Given that such choices are scalable to a broader level, e.g. a district, the NZEXB 
ready building is a model for exergy-aware energy conversion in the energy system.  
 

 Exergy-aware energy storage: This stage in the energy value chain is a critical yet an 
often ignored aspect of allowing the supply and demand of exergy to meet in time for 
better exergy matches. Especially as a means to utilize low exergy supplies that are 
produced by low exergy resources and/or the usually wasted part of high exergy 
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resources, TES is an inevitable need of the energy system. In the NZEXB ready building, 
TES is diversified into higher-low exergy and low exergy TES. The same feature may be 
scaled-up at the community level considering a thermal loop covering multiple buildings. 
Among bundles of multiple systems, the reject heat may also be upgraded for additional 
usage, e.g. reject heat being upgraded by solar collectors, etc. On the other hand, power 
storage is not undertaken in the NZEXB ready building. At the grid level, this requires the 
grid to be flexible enough to utilize intermittent, high exergy electricity in real-time. 
 

 Exergy-aware energy transmission/distribution: In the energy system, a more 
localized structure makes it possible not only to exchange electricity but also to share 
thermal exergy on a usual basis. In the NZEXB ready building, high exergy electricity is 
transmitted and/or received in real-time while thermal exergy is either produced and 
stored on-site or exported to a public sports arena nearby. This sharing of resources in 
exergy-aware relations to displace the usage of high exergy fossil fuels in the vicinity is 
another model for the energy system. Consequently, net self-sufficiency will increase if 
greater shares of sub-systems work in modes that engage with the energy system only 
in those times when there is a deficit or surplus to meet AEXC from on-site production. 
Here, the sub-systems may be individual buildings or entire communities as a whole.  
 

 Exergy-aware sectoral end-usage of energy: All of the previous stages in the value 
chain allow energy to better reach its points of sectoral end-usage in ways that sustain 
exergy-aware relations. It also provides the pathways to structure the energy system in 
ways that uphold key NZEXB design principles, such as adopting a multi-path approach 
and increasing net self-sufficiency. The last stage of sectoral end-usage thus requires that 
the paths of redirecting energy flows according to their exergy levels are merely realized. 
In the NZEXB ready building, the outcomes of these paths increase the parameter ψRi 
and curb compound CO2 emission impacts in the energy system (Section 3.2). It is 
possible to attain similar outcomes for the energy system provided that each stage in the 
energy value chain is structured to be exergy-aware. Depending on scope, this may 
further require an intersectoral approach to plan for the “exergy services” that are to be 
met in the end-uses of energy. Here, the term “exergy services” is used deliberately to 
indicate the array of exergy levels that are involved in the energy services as required by 
society. Per the third NZEXB design principle, these services must be met with better 
exergy matches to reduce compound CO2 emissions in the energy system at large.  

The above features integrate key NZEXB design principles to structure an exergy-aware value 
chain across a series of interlinked stages. According to scale, these can lead to exergy services 
either at the building or the intersectoral, societal level. At this level, the exergy services may 
expand to encompass a given built environment area as well as transportation and agriculture. 
Given that the scale is so adjusted, the NZEXB ready building provides a model to structure an 
exergy-aware energy system as one of its most basic yet vital building blocks. Hence, features 
that are put forth in the NZEXB ready building are scalable to higher levels in the energy system. 

  
 

  



 

Building block for an exergy-aware energy system: NZEXB 51 
 

 

 

Table 3.7. Scalability of NZEXB Ready Building Features for an Exergy-Aware Energy System 
                (Based on the depiction of an exergy-aware energy value chain in Kilkis 2010) 
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3.3.1 Scaling-up the NZEXB target into net-zero exergy communities 
 
As a step to take the NZEXB target forward, the net-zero exergy community (NZEXC) is put forth 
as a new target to transform the energy relations of a built environment collectively. In a NZEXC, 
energy relations are “knit” in a network such that these relations are characterized by high levels 
of exergy matches while the net-zero status is managed at the community level (Papers 8-9). 
This target thus requires a new kind of management over and above any other at this scale, such 
as community energy management. This new kind of management is to be one that structures 
an exergy-aware energy value chain at the community level towards the net-zero status. Local 
energy sources may be further diversified by connecting the community with its hinterlands.  

Based on key NZEXB design principles, a toolkit for decision-making towards reaching the NZEXC 
target is put forth in Paper 9. Accordingly, those for NZEXCs may thus be scaled-up as follows:  

 Adopting a Multi-Path Approach: As a key design principle for any net-zero exergy 
target, a multi-path approach will increase the exergy matches in the value chain that 
leads to exergy services. In so doing, in addition to energy savings, it will be possible to 
lower the AEXC of a community by better linking low exergy demands to low exergy 
supplies and vice versa. The sharing of resources within a community so that low exergy 
resources are harvested for usage will further “knit” the energy relations with exergy 
matches. The overall aim is to increase the community’s mean value of the parameter ψRi. 
 

 Increasing Net Self-Sufficiency: Based on a community level boundary, the principle 
of increasing net self-sufficiency is now taken beyond the NZEXB level. This requires the 
community as a whole to reduce the import of high exergy resources by better meeting 
AEXC from local energy sources (geothermal, biogas, solar, wind, etc.). Therefore, the 
aggregate of REXS from on-site production is increased in a way that supports exergy 
matches, which is also interlinked with the previous design principle. While making use of 
TES to allow the exergy matches to meet in-time, e.g. those for any thermal loop, the 
community may still interact with the energy system as necessary according to its AEXC.         
 

 Curbing Compound CO2 Emissions: As in a NZEXB, the above design principles are to 
contribute in curbing the compound CO2 emissions of a community in the energy system. 
In this way, better exergy matches are to reduce the avoidable CO2 emissions impact due 
to the use of high exergy resources in low exergy demands, which require the spending of 
additional resources. At the same time, increases in REXS are to facilitate these exergy 
matches while reducing the direct CO2 emissions. As a whole, in addition to curbing 
compound CO2 emissions, it may also be possible to attain CO2 neutrality. As discussed in 
Paper 6 for NZEXBs, CO2 neutrality from the point of view of REMM requires that the 
compound CO2 emissions due to imported energy are made up by those for exported 
energy when calculated at the base case equivalent. This additional relation, which may 
be applied to the NZEXC target, will take CO2 neutrality a step further by requiring that 
the avoidable CO2 emission impacts due to any exergy mismatches are also displaced.        

Based on a synthesis of Papers 8-9 that involve the new NZEXC target, Table 3.8 depicts the 
key design principles to reach this target at the community level. Here, the community level is 
indicated as the area in which a multi-path approach is to be adopted, AEXC is to be lowered, 
REXS is to be increased, and compound CO2 emissions are to be curbed. Considering external 
relations, net self-sufficiency is to be increased on an annual basis to meet the NZEXC target. 
Moreover, the NZEXC may obtain neutrality based on the offset of any compound CO2 emissions.     
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Table 3.8. Scalability of NZEXB Design Principles to the NZEXC Target at the Community Level 
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 Multi-system bundles are integrated across various options at the 
community level, e.g. solar farms, district level CHP, geothermal, etc. 

 

 A multi-path approach increases exergy matches in meeting various 
exergy services in an intersectoral approach (buildings, transport, etc.) 

 

 AEXC is reduced and met by a greater share of local energy sources, 
which improves net self-sufficiency and reduces compound CO2 emissions 

  
 

* Pictures depict the near community of the NZEXB Ready Building in Çankaya, Ankara (Google Earth © 2011) 
 

Figure 3.2, which had presented the axes of REXS and AEXC and a dashboard with key design 
principles for NZEXBs based on REMM, is equally valid to track-down the status towards the 
NZEXC target. Provided that the inputs are based on weighted means at the community level, 
the same axes and dashboard of Figure 3.2 are scalable to NZEXCs (see the toolkit in Paper 9). 

In a time when 100% local renewable energy systems are being piloted at the community and 
district level (e.g. Østergaard et al. 2010), it is envisioned that the NZEXC target will add value 
to such scenarios. Just as in a NZEXB, scaling-up key principles to 100% local renewable energy 
systems will exemplify ways to uphold high levels of exergy matches and improve net self-
sufficiency. Within Table 3.8, the matrix layout also depicts what a scale-up of REXS across 
various options at the community level could entail. For example, it may include district level 
CHP, solar collectors in a thermal loop, and BIPV in clusters of buildings on the supply side. On 
the demand side, it may include any electricity for lighting, plug loads in the built environment as 
well as public transport, and district heating and/or cooling for buildings and greenhouses, etc. In 
other communities that are early in the process of transitioning towards a more sustainable 
energy system, the NZEXC target may be useful to put forth a pathway to guide this transition. 

NZEXB Ready Building 

..
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3.3.2 Re-designing energy and exergy strategies based on NZEXB 
 
As a building block, the key design principles of NZEXB based on REMM are scalable to multiple 
levels of a more exergy-aware energy system. In this way, these principles shed light not only to 
NZEXCs when scaled-up to the community level but also to the re-design of local energy and 
exergy strategies. Consequently, a better match in the supply and demand of exergy is possible at 
any level, e.g. districts, cities, and beyond, including a more intersectoral approach. This would 
also require the spatial planning of various options at the appropriate level of the energy system. 
An example of this spatial dimension was given by the right inset of Table 3.8 for the local level. 

In one aspect of conveying this scope, the left inset of Table 3.8 includes satellite images of the 
near vicinity of the NZEXB ready building. In fact, the capital city district for which a multi-fold 
CO2 mitigation strategy was put forth in Paper 5 is the same district in which the NZEXB ready 
building is located, i.e. the district of Çankaya in Ankara, Turkey. This synergy underlines the role 
of the NZEXB ready building in being a building block in the re-design of local energy and exergy 
strategies.12 Just as those that are required by the multi-fold CO2 mitigation strategy, the NZEXB 
ready building takes action in all four of the action domains to reduce compound CO2 emissions. 
In fact, if the values of the NZEXB ready building are compared with the target factors in Table 
2.6, the building is found to satisfy the values of the highest tier (see Section 3.2.3). In the 
future, educational visits to the NZEXB ready building will be important to diffuse the high 
standard that the building has put forth in the multi-fold CO2 mitigation strategy for the district.  
Another such aspect is an on-line portal of the NZEXB ready building’s performance in real-time.   

  

                                                            
12 The role of the NZEXB ready building in the re-design of local energy and exergy strategies has been reported in 
a new manuscript (Kilkis 2011b). Accordingly, the spatial dimension of local energy strategies need to be planned 
based on exergy-aware options. In this way, local energy systems need to integrate energy technologies similar to 
the bundling of energy technologies in the NZEXB ready building when “zoomed-out” across a larger, district level.   
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4 Summary of results and contributions to the literature 
 
Based on Papers 1-9, this thesis has put forth a new, analytical model with which to define the 
problem of structural overshoots of exergy in the energy system in the context of compound CO2 
emissions, namely REMM. This model not only brings a new formulation of the problem but also 
allows reaching solutions through pathways that will address the issue from one of the root-
causes. In turn, new tools to augment the decision-making process based on REMM have been put 
forth, which seek to guide those decisions that will allow a paradigm shift to take place for the 
more rational usage of exergy to curb CO2 emissions. Furthermore, the new concept of NZEXB 
has been developed as the building block for an exergy-aware energy system. As a whole, all of 
the approaches that have been put forth in the thesis have then been applied within a premier 
NZEXB ready building. The ways of scaling-up these approaches in the energy system through 
coherent strategies for districts and NZEXCs is yet another aspect of the applications. Hence, the 
contributions of the thesis to the literature in a value chain may be summarized in six points:  

 An analytical model to formulate systematic failures in the energy system: The 
sheer magnitude of the CO2 challenge places urgency on analytical models that are able 
to indicate systematic failures in the energy system. At the same time, it requires a scope 
that is beyond the horizon of causes that created them. In this context, the analytical 
model REMM developed an intra-systems scope in which to identify any structural exergy 
overshoot and quantify its linkage to compound CO2 emissions in the energy system. This 
also contributes to fill the gap between the field of exergy and the field of CO2 mitigation.  
 

 Pathways that expand the horizon of approaches to reach solutions: Beyond a 
focus on single sub-systems, the formulation of the problem at the level of the energy 
system at large allows REMM to put forth a set of strategic approaches to curb CO2 
emissions. These pathways are characterized according to their initial point of departure 
to address structural mismatches in the supply and demand of exergy, such as those of 
the base case of buildings. These pathways are applicable to a range of cases that realize 
one of these approaches, which were also exemplified for sustainable heating and cooling.  
 

 Tools to augment the decision-making process to curb CO2 emissions: To allow 
the contributions of the previous two points to be used to address the strategic needs of 
society, this thesis has further provided new tools to augment decision-making. Thus, an 
interactive, scenario-based planning tool may be used to assess the REMM rationale in 
buildings. The means to analyze the windows of opportunity to make a shift in the BAU is 
also possible with REMM-based CO2 wedges. Finally, a multi-fold solution space may be 
used to construct coherent strategies to curb CO2 emissions and to backcast trends to 
reach a desired end-state, all of which have their own ways of adding value to literature.  
 

 Key concept for the building block of an exergy-aware energy system: Making a 
transition happen at a complex level requires there to be a basic building block in which 
the major elements of change can coexist. The new concept of NZEXB contributes to the 
literature by taking the concept of net-zero buildings in a direction that addresses some 
of its shortcomings. At the same time, it allows the net-zero concept, which has a 
potential to transform the energy system, to be developed in a way that could allow it to 
be the building block of an exergy-aware energy system. Based on REMM, all of the 
formulations and key design principles for NZEXBs as put forth in this thesis are original. 
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 A premier NZEXB ready building that deploys the key design principles: While real 
case studies on net-zero buildings are just newly emerging, the premier NZEXB ready 
building that has been studied in this thesis makes a leap in the literature based on the 
key NZEXB design principles that it deploys. Hence, this building has already applied a 
multi-fold approach to increase net self-sufficiency and curb compound CO2 emissions 
with the results as overviewed herein. A unified framework with which to benchmark this 
premier example with all other NZEXBs in the future has been further proposed. This also 
benefits ongoing efforts to harmonize net-zero concepts, such as those of IEA Annex 52.    
 

 Vision to scale-up best practises to be in better balance with the Planet: As a 
building block, the premier NZEXB ready building has best practises that are not only 
applicable to other buildings but also scalable to other levels in the energy system. For 
example, the ways in which there are exergy-aware relations in each stage of the energy 
value chain that leads to building services parallels those that could be put into place at 
the level of an energy system. Such a factor of scalability is an overarching theme of the 
thesis as strategies for capital city districts and communities (e.g. NZEXCs) are put forth. 
Hence, a vital aspect in which the thesis adds-value to the literature is by putting forth a 
vision of curbing compound CO2 emissions to be in better balance with the Planet.     

As a whole, these six points that summarize the value chain of the research work can be seen to 
be more of a value cycle (Figure 4.1), where each point can be followed to increase the leverage 
power to transform the present state of the built environment towards an exergy-aware future.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Core Contributions Increasing the Leverage Power to Curb Compound CO2 Emissions 
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5 Conclusions for the exergy-aware built environments of the future 
 
Key societal concerns, such as CO2 mitigation, require new approaches that expand the horizon 
of solutions as well as the analytical context with which to address them. In this way, the core 
contributions of the research work as presented in this thesis provide ample opportunities to 
impact both the speed and direction of policy to transform the built environment. In particular, 
the dedicated set of metrics, approaches, and tools based on REMM and the principles of NZEXB 
provide a coherent “toolkit” that is aimed to guide the built environment in a strategic approach 
to curb CO2 emissions. The same toolkit may be utilized to link the vision of a more exergy-aware 
future for the built environment with the domains of action that may be set into motion today to 
realize that vision (backcasting). As a whole, the value chain of the research work increases the 
leverage power with which to make a paradigm shift with existing trends to curb CO2 emissions.  

Based on Figure 4.1 and the core contributions that it represents, a roadmap to guide the built 
environment in a strategic approach to curb CO2 emissions can be put forth as provided in Table 
5.1. Here, the initial unit of analysis can be taken as any level of the built environment. The main 
action items 1-7 then provide a means to integrate the overarching elements of the research 
work into a new generation of strategies to curb CO2 emissions. These actions may be seen as 
part of a process to manage a transition towards the exergy-aware built environments of the 
future. This requires the scaling-up of best practices into higher levels within the energy system. 
Based on the details of the research work in appended Papers 1-9, it is envisioned that the built 
environment will realize such an exergy-aware roadmap to be in better balance with the Planet.   
 

Table 5.1. Proposed Roadmap with the Main Items of Action and their Targeted Societal Actors 

Main Actions of the Roadmap and their Targeted Societal Actors 
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1 Analyze the present state of structural exergy overshoots and formulate impacts 
on CO2 emissions in the energy system based on the analytical model of REMM x   x x  

2 Compare the pathways that are available to transition the present state to a 
future state in which there are better exergy matches in the unit of analysis x  x x x  

3 Develop a future-oriented scenario based on the tools to augment decision-
making while putting forth the targets and vision of the scenario as applicable x x x  x  

4 Implement projects that realize the pathways to transition to a future state 
while considering the potential to apply key concepts, such as NZEXB and NZEXC 

 x x  x x

5 Monitor the results of the project(s), including any premier cases, and continue 
to mobilize projects to meet the targets and vision of the scenario as applicable  x x  x x

6 Scale-up the best practices of the project to restructure more exergy-aware 
relations in the built environment as a strategic approach to curb CO2 emissions 

 x x   x

7 Renew the above actions at higher units of analysis in the energy system to 
steer a change for sustainability to be in better balance with the Planet x x x   x
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6 Further research applications towards realizing the vision 
 
The value chain of the research work that is completed in this thesis inherently makes it oriented 
to a vast array of applications in the spheres of both practice and policy, which at the same time, 
opens a new phase of future research activities. Direct off-shoots of the completed research are:  

 Beyond those provided in this thesis, the dedicated set of metrics, approaches, and tools 
based on REMM and the principles of NZEXB will be applied to analyze any present or 
future case within the built environment. This may involve new, applied cases seeking to 
be more exergy-aware to curb CO2 emissions, or best practices, e.g. exergy-green cities.   
 

 The premier NZEXB ready building will be used as a reference to benchmark any other 
buildings that adopt the NZEXB target based on the scheme put forth in Figure 3.2.  
 

 As discussed within Paper 9, the absence of any software tools into which net-zero 
targets are programmed can be met by a novel scenario tool. This new tool will model the 
ways of optimizing all net-zero exergy targets, including those for communities, i.e. 
NZEXC. It is expected that Table 3.8 will be utilized in this aspect with interactivities. 
 

 The REMM-based CO2 wedges will be applied to new contexts and new scenarios to 
diffuse the array of options with which to increase the leverage power with the BAU. 
 

 The metrics of REMM will be proposed as a new indicator for energy sustainability in cities 
while addressing the shortcomings of composite indicators as overviewed in (Singh 2009).  

In parallel to these suggestions for future research activities, which will take shape based on 
dynamic needs, it is envisioned that the value chain of the research work will trigger a broader 
impact in society. For this to take place, another sphere of innovative efforts are needed to 
integrate the coherent toolkit of the research work into the “smarter” design of policy and policy 
intervention. This may also include the design of new or upgraded incentives, an example of 
which was given to upgrade Directive 2004/8/EC on CHP based on REMM (Kilkis and Kilkis 2007).  

In the literature, the more coherent design of policy to impact both the speed and direction that 
society takes towards the long term goal of sustainability is known as transition management 
(TM). In this sense, TM directs processes of societal change in the direction of sustainability 
based on a complex systems’ thinking (Rotmans et al. 2001; Kern and Smith 2008; Loorbach 
2010). It seeks structural change in systems that fulfill societal functions (Geels 2004), such as 
energy systems that fulfill energy services. This is made possible by a set of policy initiatives for 
system optimization, which forms the transition path based on a consistent set of actions and 
learning experiences (EZ 2004). The “steering” concept has been further used as a guiding 
principle (Rotmans et al. 2001), in which goal-oriented view of backcasting has a pivotal role.  

While TM is based mostly in the domain of social sciences, the value chain of the research work 
that is centered on the natural sciences already enriches this field, which may involve future, 
interdisciplinary activities. Another domain to which the results of the thesis can give impetus is 
R&D and innovation policies.13 For example, integrated innovation policy for energy technology 
(Weiss and Bonvillian 2009), which requires a new paradigm, may involve thematic measures 
based on the approaches in this thesis. Since policy itself depends on a set of principles that seek 
to guide actions to rational outcomes, a thematic aspect would boost the efficacy of policy action. 
                                                            
13 In the ongoing National Energy R&D and Innovation Strategy 2011-2016 that is coordinated by the Scientific and 
Technological Research Council of Turkey (TÜBİTAK), for example, the author led the design and implementation of 
a workshop with over 70 energy stakeholders to adopt an R&D and innovation-led vision for the energy sector. 
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7 Summaries of appended papers* 
 

Paper 1: A Rational Exergy Management Model for Curbing Building CO2 Emissions 

A rational exergy management model was developed, which establishes a common metric and 
provides a tool for matching the exergy of energy sources with different applications in the built 
environment for global sustainability. In order to develop and evaluate this model, first a base 
case was defined, which involves a building using a natural gas boiler for comfort heating and 
receiving electricity from a remote thermal power plant. For the base case, the rational exergy 
management efficiency, which is a measure of the level of match in the supply and demand of 
exergy, is only 4%. To analyze the impact of increasing the rational exergy efficiency on carbon 
mitigation relative to the base case, three exergy and environment aware cases were considered. 
These cases were: the same building thermally linked to the power plant through a district 
energy system (Case One), the same building with a micro CHP using a natural gas internal 
combustion engine (Case Two), and the same building with a renewable energy driven electric 
power generator and a ground-source heat pump (Case Three). A detailed analysis of the carbon 
reduction potential of the three cases revealed that it is possible to realize a new CO2 reducing 
wedge in addition to the seven wedges that have already been identified by the Carbon 
Mitigation Initiative (CMI). Calculations show that Case Three may reduce the global emissions to 
about 6 GtC/year by the year 2055 from the current value of 7 GtC/year. Therefore, the eighth 
wedge may not only help to stabilize the current levels of emissions but also decrease it below 
the current level. This paper explains the Rational Exergy Management Model (REMM), its 
emission projections, and describes the three cases in detail. Results indicate the importance of 
rational exergy management for global sustainability and next-generation green buildings and 
show that this metric can manage a robust roadmap to curb CO2 emissions from buildings. 

_____________________________________________________________________ 

Paper 2: Rational Exergy Management Model for sustainable buildings to reduce 
compound CO2 emissions 

Aiming to respond to ever-urgent needs for strategies to curb buildings’ CO2 emissions at large, a 
new model, namely the Rational Exergy Management Model (REMM), was developed. REMM 
provides a new analytical perspective on the energy usage and emissions of buildings with an 
intra-systems scope. It links the initial mismatch in the supply and demand of exergy to broader 
impacts in the energy system. Particularly, based on a cross-cutting parameter, it formulates the 
compound CO2 emissions factor, which includes a direct and avoidable CO2 emissions footprint 
according to the level of exergy mismatch. Presently, base-case buildings have sub-optimal 
values due to structural exergy overshoots. This paper thus exemplifies an array of strategies 
developed for exergy-green paradigm shifts. These include supply, demand-driven, and hybrid 
approaches, and net-zero exergy building targets, which integrate into multi-fold CO2 mitigation 
strategies for buildings. A new, exergy-mapping technique furthers the demand-driven approach 
for bundles of renewable energy. Furthermore, an analysis tool based on exergy-centric 
scenarios formulates the CO2 savings relative to the base-case to expand the horizon of existing 
CO2 wedges. The paper concludes that REMM identifies key opportunities for sustainable buildings 
to capture their vast CO2 reduction potential and increase their lead in CO2 mitigation.  

     * All research papers are published based on a process of peer-review in mediums with international reputation.  
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Paper 3: An Optimum Decision-Making Algorithm for Energy Efficient Cooling in 
Green Cities - From Split Systems to District Cooling 

One of the dilemmas of this decade seems to be the fact that the need for comfort and high 
density cooling increases with global warming while global warming further increases with its 
resultant CO2 emissions. This dilemma can be solved only by achieving cooling systems with 
smaller CO2 footprints. This effort involves multiple fronts, namely, new, sustainable, and low-
exergy cooling systems, highly efficient cooling energy supplies, novel distribution networks, and 
innovative energy conversion systems. All of these solutions must, however, meet at a common 
denominator for decision-making. In this paper, the common denominator is defined to be the 
Rational Exergy Management Model (REMM), which provides a robust algorithm to link the supply 
and demand exergy points in the cooling sector for a given district. The objective is to minimize 
the CO2 footprint of the entire cooling sector in a district to guide green cities from split systems 
to district cooling.     

_____________________________________________________________________ 

Paper 4:  A new Rational Exergy Management Model guided metric for evaluating 
sustainable cooling strategies for low-exergy green buildings and cities 

 
This paper applies the Rational Exergy Management Model (REMM) to evaluate sustainable 
cooling strategies for low-exergy green buildings and green cities, mimicking ecosystems that 
utilize exergy more optimally. The paper includes a special formulation of the exergy demand for 
space cooling and a definition of an effective temperature of solar insolation based on a 
technique of exergy-mapping. The alternatives to a base case as characterized by structural 
exergy overshoots and high avoidable CO2 emissions impacts include absorption cooling with 
renewable energies for district cooling in high-density areas. A new, REMM guided built 
environment signature is also provided to monitor transformations towards a foresight for a built 
ecosystem. The paper concludes that there must be significant progress for more optimal 
linkages in the exergy supply and exergy demand points to minimize CO2 emissions impacts.  

_____________________________________________________________________ 

Paper 5: An Optimum Decision-Making Algorithm for Efficient Heating and Cooling 
in Cities: Towards Exergy-Green Cities to Curb CO2 Emissions 

Based on the Rational Exergy Management Model, this paper puts forth a new, multifold decision-
making benchmark to develop CO2 mitigation strategies for efficient heating and cooling in cities. 
In addressing both heating and cooling in the built environment, this paper discusses the low 
exergy demands for all variants of the annual thermodynamic flows to be counteracted to 
maintain indoor air temperatures. The new benchmark is particularly useful in strategies to 
transform districts into exergy-green districts given a critical mass of buildings that adopt 
appropriate strategies. The results lead to a potential for substantial CO2 savings, better linkages 
in the supply and demand points of exergy in exergy-green cities, and exergy-led urban 
symbiosis. A case study on a capital city district is also provided as a sample of a CO2 mitigation 
strategy utilizing the benchmark over a 10-year strategy timeframe.  
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Paper 6: A New Metric for Net- Zero Carbon Buildings 

In this study, a new carbon equivalency metric was developed in order to quantify the compound 
carbon emissions for which buildings are responsible in the built environment. This metric first 
analyses the rationale about the management of the exergy balance among the supply and 
demand that is involved in satisfying building power and energy loads. Then using the degree of 
the rationale found, direct carbon emissions from the building and avoidable secondary carbon 
emissions for which the building is responsible due to exergy mismatches are calculated. Based 
on this metric, a net-zero carbon building definition was introduced and its advantages for 
quantifying the actual impact of buildings on global sustainability were discussed in comparison 
to net-zero energy building and carbon neutral building concepts. A case study for an example 
net-zero energy building is presented, which reveals that the new carbon equivalency metric can 
indicate whether the building is actually environmentally neutral or not. The results show that the 
example building has negative impacts on the environment and global sustainability in terms of 
carbon emissions even though it is rated as a net-zero building. This paper also discusses that 
although another new, net-zero exergy building definition may reduce the shortcomings of the 
net-zero building definition, the net-zero carbon building metric may accurately rate the 
environmental impact of buildings. Beyond carbon emissions from buildings, the same metric can 
be used for any variety of greenhouse emissions and sectors. 

_____________________________________________________________________ 

 
Paper 7: Optimization of Heat Pump Applications for Net-Zero Exergy Buildings 

Steering a change for global sustainability requires a new, rationale driven approach that 
provides guidance to reduce emissions and protect the environment. The Rational Exergy 
Management Model (REMM) provides the approach of balancing natural energy resources based 
on their useful work potential, or exergy. For the first time, REMM formulates the level of match 
in the supply and demand of exergy to broader impacts on CO2 emissions, which becomes very 
important to reduce global warming. Furthermore, its new parameter effectively shows the ways 
to reduce CO2 emissions that have been compounded. The application of REMM to the building 
sector, the largest contributor of CO2 emissions, presents examples to think beyond the present 
characteristics of buildings. It also shows that heat pumps must be optimized with exergy 
matches in combined heat and power systems to reduce compound CO2 emissions. It is expected 
that this approach will be put into practice to achieve carbon wedges from buildings and set a 
vision for net-zero exergy buildings. An analysis tool is also developed to support the educational 
purposes of the REMM model. 
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Paper 8: Net-zero energy or net-zero exergy buildings for a sustainable built   
                      environment? 

This paper puts forth a new metric that identifies a net-zero exergy building (ZEXB) target and 
distinguishes the parameters that affect the results of obtaining a “net-zero” status based on the 
trade of exergy with the grid and/or thermal energy loop. Key strategies that guide buildings to 
meet and exceed ZEXB targets are underlined. These include strategies based on the re-linkage 
of energy resources based on higher exergy matches while reducing any CO2 emission impacts. 
The means of bringing buildings that deploy on-site, micro production of electricity, heat, and/or 
cold from renewable energy resources to ZEXB targets are discussed. A net-zero exergy 
community (ZEXC) target is then provided to set pace for the diversified trade of exergy in the 
locally more interconnected energy systems of the future. The results expand net-zero targets 
with exergy based strategies for a sustainable built environment.  

_____________________________________________________________________ 
 

Paper 9: Optimizing Low Co2 Solutions with Heat Pumps towards Net-Zero Exergy 
Communities of the Future 

Net-zero building design is a potentially transformational concept for the energy systems of 
today. State-of-the art in net-zero building design, however, is not without major shortcomings, 
which may be addressed through net-zero exergy buildings (NZEXB). This paper provides key 
insight into the design principles of NZEXBs based on lessons that are learned from a premier 
net-zero exergy “ready” building in Ankara. These include building technology integration with 
better exergy matches in a multi-path approach and diversified thermal energy storage as a 
buffer between the supply and demand of exergy to reduce CO2 emission impacts. Modeled data 
indicate that the building will attain “net” self-sufficiency with an annual exergy consumption of 
60 kWh/m2-yr and proposed renewable exergy supply of 62 kWh/m2-yr. Furthermore, the 
building has a 75% savings in compound CO2 emission impacts over a baseline building. The 
results indicate that NZEXBs are the “building blocks” for the more exergy-aware energy value 
chains of tomorrow. The strategies that were utilized at the building level are thus applicable to 
being scaled-up to higher levels in the energy system. The paper concludes with key strategies 
for the net-zero exergy communities of the future.    
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Terms, acronyms, and definitions (Glossary) 

AEXC 
 
 

Annual Exergy Consumption: The annual sum of on-site exergy production and net 
exergy transfer of a building in the energy system (pp.34-35, Eq.14), kWh/m2-yr 

Backcasting A process of road-mapping a desirable future state to the present with the aim of 
putting forth trend-breaking solutions to strategic societal problems (p.1) 
 

Base case A case where a high exergy resource is used to satisfy energy services with low 
exergy demands (p.9), hence also related to the business-as-usual scenario  
 

BAU Business-as-usual scenario: Baseline scenario where buildings are characterized 
by the base case as used in the formulation of REMM-based CO2 wedges (p.27) 
 

Betz’ law A law that implies a theoretical limit for extracting mechanical energy from wind 
energy, i.e. 1 kWh requires 27/16 kWh or 16/27 kWh is given by 1 kWh (p.16) 
 

BER Building energy rating: Scheme of rating buildings according to energy use (p.10) 
 

BIPV Building integrated photovoltaic (p.40) 
 

Building block A basic unit containing elements and/or principles that are scalable up to higher 
levels, e.g. NEXBs in relation to a more exergy-aware energy system (p.32) 
 

B[y] Number of buildings participating in a REMM-based CO2 wedge, dimensionless 
 

Carnot cycle A thermodynamic cycle, may be defined based on a reference environment (p.9)  
 

CHP Combined heat and power: The production of electricity and thermal energy from 
the same primary energy resource, may be at the district or building level (p.13) 
 

CMI Carbon Mitigation Initiative (p.26) 
 

ci Net calorific CO2 content of the energy resource to system (i) (p.9), kg CO2/kWh 
 

cj Net calorific CO2 content of the energy mix in an energy system (p.9), kg CO2/kWh 
 

CO2i Direct (on-site) CO2 emissions of a building system (i), kg CO2 per kWh (p.10) 
 

Carbon wedge The amount of carbon emissions that is reduced from the BAU scenario (p.26) 
 

CO2 Mitigation The process of reducing CO2 emissions as to restrain, slow, and curb its increase 
 

Circular exergy 
 

In analogy to a circular economy, the repetition of reclaiming low exergy (p.40) 

ΔCO2j Avoidable CO2 emissions impact: The CO2 emissions that take place within the 
energy system due to a structural failure to match exergy levels (p.9, Eq.6), kg CO2 
 

Demand-Driven 
Approach 

Approach of re-matching the exergy demand to a new exergy supply level (pp.13-
14, Table 2.3) as exemplified by such cases as renewable energy bundles, etc.  
 

DHC District heating and cooling (may or may not include prior electricity generation) 

 

Terms, acronyms, and definitions (Glossary) 
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εdem(i) Exergy demand of a building system (i): The exergy required to satisfy a desired 
function, e.g. space heating (Eq.1), also called “desired output” (IEA 2011e), kWh
 

εsup(i) Exergy supply to a building system (i): The exergy of the energy resource that is 
made available to the building system tomeet the exergy demand (Eq.2), kWh 
 

εfg     Import of exergy from the grid: The exergy that is imported from the grid and/or 
thermal loop to meet AEXC as defined in the NZEXB target (p.35, Table 3.1), kWh 
 

εon Exergy that is produced on-site: The exergy that is produced by the building from 
renewable energy sources as defined in the NZEXB target (p.35, Table 3.1), kWh 
 

εto Export of exergy to the grid: The exergy that is exported by the building when 
the exergy produced on-site excedes AEXC at a given time (p.35, Table 3.1), kWh 
 

ECBCS Energy Conservation in Buildings and Community Systems: A program of the IEA 
 

Energy  
satellite 

A local hub for the distributed generation of energy in an energy system, such as 
a building that is a producer of energy (and exergy) rather than only an end-user 
 

Energy  
value chain 

The series of activities that are interlinked to meet energy services based on such 
stages as energy production, conversion, storage, distribution, and end-usage  
 

ESER A design, engineering, and consulting company and the implementer of the ESER 
Green Building (headquarters building) that validated the REMM model (p.38) 
 

Exergy A measure of the potential of a given amount or flow of energy to perform work 
(IEA 2011e), which depends on a Carnot cycle based on a reference environment 
 

Exergy-aware   An attribute of the process of re-wiring linkages between the supply and demand 
of exergy to provide for better exergy matches, e.g. in an energy system (p.32) 
 

Exergy-centric The characteristics of a metric, tool, or scenario in which exergy is developed as
the focal point of the analysis with the aim of providing added-value (pp.6, 23)    
 

Exergy-green A term distinguishing the performance of cases where ψRi is at least 0.70 (p.12)
 

Exergy-led    
urban symbiosis 

The process of analyzing, creating, and realizing opportunities to share resources 
in urban proximity with a concern for exergy matches (p.31), relates to NZEXC 
 

Exergy-mapping 
technique 

A technique that provides effective temperatures for renewable energy resources,
including boundary conditions that are comparable to other energy sources (p.16) 
 

Exergy match   A quality that is attained when the exergy levels of the supply and demand are in
better fit as opposed to exergy mismatches, i.e. high exergy to low exergy demands 
 

Forecast The extrapolation of given trends to a future state (may relate to a BAU scenario) 
 

Foresight A vision of a normative future based on the realization of desirable trends 
 

GSHP Ground source heat pump (p.13) 
 

Gt Gigaton (magnitude of power 109), used within national/global wedges (p.26) 
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Hc Target factor for CO2 content (p.30, Table 2.9, Eq.12), dimensionless 
 

Hη Target factor for energy efficiency (p.30, Table 2.9, Eq.12), dimensionless 
 

HψR Target factor for the parameter ѱRi in CO2 mitigation strategies (pp.29-31), which 
is given as a percentage point of increase (see Table 2.9, Eq.12), dimensionless 

HP Target factor for the energy load (p.30, Table 2.9, Eq.12), dimensionless 
 

Hinterland The area that surrounds a district or city, usually rural, agricultural area (p.52) 
 

Horizon- 
scanning 
 

An aspect of foresight studies that seeks to gather intelligence on emerging trends
as referred to within Figure 1.2 (p.3) with respect to the built environment 
 

Hybrid  
Approach 
 

An approach of combining more than one case that applies different (e.g. supply 
or demand-driven) approaches with the aim of increasing exergy matches (p.15) 
 

IEA Annex 49 Low Exergy Systems for High-Performance Buildings and Communities (p.8) 

IEA Annex 52  Towards Net Zero Energy Solar Buildings (p.47) 

Insolation A measure of the solar energy reaching Earth’s surface in a given time, W/m2 

 
Intersectoral Relating to more than one sector, e.g. building and transport sectors, etc. (p.53) 

 
Intra-systems  
boundary 

A boundary that expands beyond a singular sub-system, i.e. a broader scope that 
encompasses the linkages of impacts “within” the energy system (pp.6-8, p.21) 
 

ISI  Institute for Scientific Information, used with respect to ISI Web of Knowledge 
 

k A variable of time increments that is used in Eq.14 to sum values over one year 
to assess the outcome of the NZEXB target (pp.34-35), preferably hours 
 

LEED 
 

Leadership in Energy and Environmental Design: An international system of rating 
buildings (highest Platinum) developed by the U.S. Green Building Council (p.38) 
 

Level of exergy 
rationality 
 

An assessment of the level of performance to match the supply and demand of 
exergy to lower avoidable CO2 emissions impacts using the parameter ѱRi (p.13) 
 

m 
 

The total number of time increments k in one year (p.34), preferably 8760 hours 
 

Multi-fold CO2 
mitigation 
 

The process of adopting and implementing a coherent strategy to curb compound 
CO2 emissions based on decisions involving the action domains of REMM (p.29-31) 
 

Multi-path 
approach 

One of the three key design principles of a NZEXB, which expresses the need to 
diversify and match exergy levels, especially to reduce AEXC (p.36, Table 3.2) 
 

Multi-path 
approach factor 

In comparison to a baseline building, a reduction in AEXC more than the reduction
in energy load due to the shift to the usage of lower exergy resources (p.41) 
 

ni Energy efficiency at the equipment level (p.10), dimensionless 
 

nT Transmission efficiency of an energy system (p.10), dimensionless 
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Net exergy  
transfer 

A term equal to the import of exergy minus the export of exergy from/to the grid 
and/or thermal loop according to any deficit or surplus in meeting AEXC (p.34) 
 

Net self- 
sufficiency 
 

One of the three key design principles of a NZEXB, which involves managing on-
site exergy production and AEXC towards the net-zero status (p.36, Table 3.2) 
 

NZEB Net-Zero Energy Building: A building that generates as much energy from  
renewable energy sources as its own energy usage on an annual basis (p.32) 
 

NZEXB  Net-Zero Exergy Building: A building that has an annual sum of net exergy 
transfer across the building-district boundary in a district energy system (p.34) 
 

NZEXB ready 
building 
 

A building that is designed according to key NZEXB design principles and is ready 
to meet the NZEXB target based on its integration of building technology (p.38) 
  

NZEXC  Net-Zero Exergy Community: A community whose energy relations are knit in a  
network of better exergy matches as a means to attain a net-zero status (p. 52) 
 

Overshoot The act of exceeding a desired level, e.g. an exergy level (introduced in p.6), or 
an ecological limit, e.g. Planet’s CO2 sequestration ability, see (Moran et al. 2008) 
 

Parameter ѱRi Rational exergy management efficiency: The cross-cutting parameter of REMM 
that is related to the process of managing both the level of exergy matches and
the avoidable CO2 emissions impact in the energy system (pp.6-8), dimensionless 
 

P1-P3 Three key design principles of a NZEXB as overviewed in Table 3.2 (p.36) 
 

Pi Energy load of a building system (i) prior to ni as opposed to energy required, kWh
 

Paradigm 
shift 

A term that represents trend-breaking change in existing patterns and/or ways of 
thinking, e.g. a paradigm shift in patterns of energy usage for exergy matches 
 

Pathway In the context of backcasting, solutions that are available to transition from one 
state to more desirable states, e.g. solution pathways (p.18) for exergy matches 
  

PVT Photovoltaic thermal collectors: Systems that convert solar radiation into both 
thermal and electrical energy as opposed to PV panels or solar collectors (p.49)  
 

Rational exergy 
analysis 
 

A type of analysis in contrast to simple exergy analysis that compares the input and 
output of exergy without considering the “desired” level of output (see IEA 2011e) 
 

Reference 
environment 
 

The thermodynamic reference environment that is defined to be the ultimate sink 
of all energy interactions within the analyzed system (Baehr 2005 in IEA 2011e) 
 

Reject heat The result of dismissing heat from a system after a specific application (p.40) 
 

REMM Rational Exergy Management Model: An analytical model that formulates exergy 
mismatches to avoidable CO2 emission impacts in the energy system (p.6)   
 

REMM         
Analysis Tool 
 

An educational, scenario-oriented forecasting tool based on REMM designed to 
analyze the CO2 impacts of a given level of exergy match in buildings (p.24) 
 

REMM 
dashboard 
 

A proposal within the labeling scheme for NZEXBs to provide a summary of key 
indicators (p.48), in analogy to the panel facing a driver to control speed, etc. 
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REMM  
rationale 
 

The basis of action to forge better exergy matches to reduce compound CO2 
emissions in the energy system (p.24), also see “level of exergy rationality” 
 

R&D 
 

Research and Development, i.e. activities that increase the stock of knowledge  
 

REXS Renewable Exergy Supply: Exergy that is produced on-site at the building using
renewable energy sources (p.43), one of the axes of Figure 3.2, kWh/m2-yr 
 

ΣCO2i Compound CO2 emissions factor: Consists of direct CO2 emissions and avoidable 
CO2 emission impacts of exergy mismatches in the energy system (Eq.7), kg CO2 
  

S1-S4 
 

Key steps in developing the intra-systems boundary of REMM (pp.7-8, Table 2.1) 
 

SEAP Sustainable Energy Action Plans: Plans that are prepared at the local level by local 
governments in Europe to reduce CO2 emissions by at least 20% by 2020 (p.31) 
 

Solution 
space 

An area in which it is possible to construct various options for decision-making, 
e.g. a solution space that involves the main domains of action in REMM (p.29) 
 

Structural 
failures 

A persistent problem based on the dominant trends of a structure, e.g. failures in 
the energy supply structure to match exergy levels, also systematic failures (p.6) 
 

Supply-Driven  
Approach 

An approach of managing the existing exergy supply level towards better exergy 
matches (p.13) as exemplified by such cases as CHP-based district heating 
 

Ta Indoor dry-bulb air temperature (p.9), K 
 

Tapp Return temperature in combined heat and power applications (p.13), K 
 

Target factor Factors that represent percentage or percentage point improvements over a  
baseline value to be reached in a certain period of time (p. 29), dimensionless 
 

Te Effective temperature of renewable energy resources, see Section 2.2.2 (p.16), K 
 

Tg 

 
Ground temperature that provides a stable thermal environment for the building 
on an annual basis as the temperature of the reference environment (p.9), K 
 

To Outdoor air temperature (p.9), K 
 

To
* Annual mean of the outdoor air temperature (p.9), K 

 
TES Thermal energy storage, diversified in the NZEXB ready building application (p.40) 

 
TM Transition management: The process of steering a present state to a more 

desirable future state towards the long-term societal goal of sustainability (p.58) 
 

Urban  
symbiosis 

The process of sharing resources in urban proximity that would otherwise be 
wasted (p.2 based on Berkel et al. 2009), also see “exergy-led urban symbiosis”  
 

y Time horizon of a particular strategy or REMM-based CO2 wedge 
 

ωREMM REMM-based CO2 reduction wedge: The amount of savings in the compound CO2 
emissions of the base case, which is set as a BAU measure for buildings (p.26)  
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Errata 

 
The following is a list of the minor errors that were observed in the appended papers: 

 
Page 82 second column, ninth line, a missing parenthesis should be inserted before the first ci 

Page 116 fourth line “be regarded as the objective” should be “to be regarded as the objective” 

Page 116 first paragraph, last line, the name of the city “Vaxjö” should be written “Växjö” 

Page 117 “Figure 3a” should be “Figure 5a” as referred in the second paragraph, second line 

Page 146 second column, fifth line, the sentence “Results are shown in Table 5” should read  
                “The final results including their signs are shown in Table 5.” 

Page 185 second to last line, “the scale-up” should read “to scale-up” (its best practices) 
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