Chapter 40
Building Thermal Exergy Analysis

Lorenzo Leoncini and Marta Giulia Baldi

Abstract The energy and environmental impacts due to energy consumption in the
building sector are one of the main topics in the global energy field. A building is an
energy system that uses energy sources in order to maintain its functionality and to
ensure thermal indoor comfort for its occupants. Exergy analysis is a way to assess
the impact of an energy system on the environment. This chapter introduces a
model able to describe the interaction between a building and its surroundings from
an exergetic point of view. The building is considered as a so-called black box,
evaluating the exergy of overall energy and matter fluxes that cross the system
boundaries. In this way it is possible to evaluate the exergy balance of the system
and particularly the destroyed exergy. The exergy destruction percentage can be
understood as a building environmental impact indicator. To illustrate the model
and its operating suitability, an existing building was analyzed using the transient
simulation software Trnsys. The modeling results show that about 95 % of the
exergy used from the building is destroyed and that about 5 % is lost (transferred to
the surroundings). This means that this building has very high impact. The model
can be applied to assess the effectiveness of different building energy retrofit
strategies. Through Trnsys modeling some conventional and advanced retrofit
strategies, as well as on-site renewable energy utilization, are analyzed. The chapter
presents the main analysis results, showing which of these strategies are able to
reduce the building’s exergy demand and, hence, the building’s impact.

Keywords Exergy « Energy retrofit « Building impact * Transient analysis

1 Introduction

The energy and environmental impacts due to energy consumption in the building
sector are one of the main topics in the energy field. A building is an energy system
that uses energy sources in order to maintain its functionality and to ensure thermal
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indoor comfort for its occupants. An exergy analysis is a way to assess the impact of
an energy system on the energy sources and the environment [1-3].

Generally, an exergy analysis of an energy system is made to show how the
system uses inlet energy to produce a “useful product” (for example, electricity in a
power plant). In contrast, a building is designed for thermal indoor comfort, with
functionality being the useful product. From this consideration it follows that a
building exergy analysis does not necessarily address exergy destruction percentage
minimization. Alternatively it could address building exergy demand minimization,
as will be discussed in this chapter.

In a previous paper [4] the authors developed a model called the thermal exergy
analysis of a building in order to describe the interaction between a building and its
surroundings from an exergetic point of view. This model views a building as a black
box, taking into account only the flows that cross the system boundaries. The model
makes it possible to quantify the exergy inlet and outlet from a building, considering
all energy and mass flows, and, hence, to quantify the destroyed exergy. The exergy
destruction percentage can be understood as a building impact indicator. In addition,
the building exergy demand, normalized with respect to a year of operating time and a
square meter of floor area, can be understood as a similar indicator, as explained in [5].

We verified the model reliability under different values of the reference state
temperature. This verification [6] revealed that variation in the reference state
temperature does not significantly affect the building exergy analysis results. In
particular, the exergy magnitude of the sun, fuels and grid electricity are such that,
from an overall system point of view, the results are affected marginally by the
thermal exergy interaction between a building and its surroundings.

The model can be applied to assess the effectiveness of different building energy
retrofit strategies. Through Trnsys modeling some conventional and advanced
retrofit strategies, as well as on-site renewable energy utilization, were analyzed.
This chapter presents the main analysis results, showing which strategies are able to
reduce the exergy destruction percentage, or the building exergy demand, and,
hence, the building impact.

2 Building Exergy Analysis in the Literature

In the literature, exergy analysis in the building sector has been mainly applied at
the component level rather than at the system level. Lohani and Schmidt present in
[7] an energy and exergy study of various heating configurations for a residential
building. The fueling devices modeled are a gas-fired condensing boiler, an electric
air-source heat pump and an electric ground-source heat pump. The study was
carried out splitting the energy chain from the primary sources to the building
envelope into subsystems placed in series. For each subsystem were calculated the
energy and exergy efficiencies. The analysis results show that most thermodynamic
irreversibility happened in the conversion from primary sources to so-called
low-temperature thermal energy. Among the fueling devices modeled, the electric
ground-source heat pump allowed for the highest overall exergy efficiency.
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Yildiz and Glingor describe in [8] a parametric methodology for assessing the
exergy efficiency of a generic heating configuration. Through the application to an
office building some factors are emphasized that directly affect energy consumption
(and the exergy destruction), such as whether the boiler is installed indoors or
outdoors, the thermal insulation of the distribution piping, the operating tempera-
ture of the fluid, and the temperature difference between the terminal and the room.
The resulting overall exergy efficiency is about one order of magnitude smaller than
the overall energy efficiency. In agreement with Lohani and Schmidt, Yildiz and
Giingor also conclude that most of the thermodynamic irreversibility happens in the
conversion from primary sources entering the boiler to low-temperature thermal
energy entering the distribution piping.

Hepbasli [9] presents an extensive review of so-called low-exergy heating and
cooling configurations. Also Hepbasli, as well as Lohani and Schmidt, splits the
energy chain from the primary sources to the building envelope into subsystems
placed in series. The calculations are made both under steady-state and transient
conditions. Moreover, a comparative review of 20 air-conditioning systems is
presented, both from a device-size point of view and a device-efficiency point of
view. From this review emerges the suitability of the exergy analysis as a planning
tool for air-conditioning systems, considering exergy as a sustainability parameter
for the building sector.

Torio et al. [10] propose an exergy vision of renewable energy sources used for
fueling building needs, starting from a critical review of the related exergy analysis
presented in the literature. The review underlines that exergy analysis methodologies
are diverse and sometimes in disagreement with each other. There is no shared
characterization of the reference state. Also, there is no commonly shared definition
of exergy efficiency; it is variously understood as being “simple” or “rational” or
“universal” or “functional.” These considerations lead to an exergy vision based on a
distinction between technical boundaries and physical boundaries and between steady-
state conditions and transient conditions. The aim of this vision is to define a shared
methodological approach in order to make consistent the exergy analysis results.

Systematic studies of exergy analysis applications to whole building systems are
reported in the ECBCS Annex 37 [11] and ECBCS Annex 49 [12]. The main topics
are respectively low-exergy air-conditioning systems and exergy-efficient buildings
and zones.

The Annex 37 study is set up to more levels: at the conceptual level, where
exergy is explained as an analysis tool for energy systems; at the experimental
level, where the building exergy balance is related to the human body’s exergy
balance through comfort indices; at the application level, where many
low-temperature heating devices and high-temperature cooling devices are
described in order to minimize the thermal difference between a terminal and a
room and, hence, to minimize the exergy destruction related to heat exchange.

The Annex 49 study deepens the Annex 37 study, focusing on building exergy
analysis methodologies and low-exergy building design strategies. The criteria for
the reference state choice and characterization are discussed and formulas for
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exergy calculations collected. Moreover, some applications of these concepts were
presented, both at the building scale and at the district scale.

3 Thermal Exergy Analysis of a Building

We summarize here the main concept of the model in order to allow a better
understanding of the computational model described in the following paragraph.

A building is an open thermodynamic system. It exchanges energy and mass
flows with its surroundings. Each exchange is characterized by an associated exergy
(thermomechanical or chemical) defined with respect to some reference state. The
model does not consider the difference in pressure between system and surround-
ings and the wind kinetic exergy. Consequently, the air potential and kinetic exergy
are not calculated.

The flow diagram in Fig. 40.1 illustrates the model concept. The building is
treated as a black box: the mass and energy flow inlets are necessary to maintain its
functionality and to ensure indoor comfort for the occupants. The model takes
into account, for a standard building, the energy and mass flows illustrated in
Fig. 40.2.
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Active energy use refers to the devices fuelled from energy carriers.
Passive energy use refers to the sun radiation incident on the building envelope.
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Fig. 40.1 Thermal exergy analysis of a building model concept
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Fig. 40.2 Energy and mass flows considered for a sample building

4 Computational Model of a Sample Building

The sample building is a multiunit linear apartment buildings located in Florence,
Italy. It was built in the 1980s, applying the building technologies typical of that
time period. The building can be considered as being representative of Italian urban
neighborhoods built in the period 1960-1980, mostly composed of multiunit linear
apartment buildings. Consequently, this building is suitable for the model aim,
which is to present an assessment method applicable to any generic building.

The external walls are composed of reinforced concrete having internal insula-
tion in glasswool, the internal walls are made of plastered brick, the slabs of
“predalles” plates, and the windows of a single-layer glaze and an aluminum frame.

The building is equipped with a central heating system, fueled by a gas-fired
condensing boiler. Each apartment has a single domestic hot water (DHW) pro-
duction system, fueled by an electric boiler. Originally the building was devoid of
cooling systems. Recently each apartment has been equipped with an air-condensed
cooling device, of a split type, which makes it possible to control the indoor
temperature year round. The heating set-point temperature is 20 °C, and the cooling
set-point temperature is 26 °C. The DHW production temperature is 45 °C.

The building was modeled through the transient simulation software Trnsys
[13]. The geometric and thermal properties were drawn using a T3D plugin [14]
for SketchUp [15], as shown in Fig. 40.3.

In the Trnsys model, the calculation time step was set at 1 h and the calculation
time period at 1 year. The hourly weather data were taken from the test reference
year (TRY) for the city of Florence, available from the EnergyPlus database [16].

The user profiles are described using some hourly schedulers taken from a
benchmark tool developed by the US Department of Energy [16]. These schedulers
feature separately the effects of occupants, lighting, and appliances. These sched-
ulers are also used to describe DHW consumption.



546 L. Leoncini and M.G. Baldi

Fig. 40.3 Building drawing in T3D plugin for SketchUp

The core building model is the Trnsys Type 56 (multizone building model, with
thermally coupled zones). The model reads and processes the TRY weather data
through the Trnsys Type 15-3. Moreover, the model describes the ground thermal
properties using Trnsys Type 77.

The following flows, respectively inlet and outlet from the black box, were taken
into account:

e Natural gas for the heating system; electricity for the cooling devices, DHW
production boilers, lighting, and appliances; supply water to DHW production;
air for ventilation, for combustion, and for the condensation of the cooling
devices.

* Hot water from DHW consumption; air for ventilation and from the condensa-
tion of the cooling devices; products of combustion.

The heat exchange through the building envelope serves as the energy flow inlet
and outlet. Moreover, the solar radiation incident on the building envelope (only the
absorbed amount) and the energy emitted by the occupants, lighting, and appliances
were taken into account.

The exergy of each flow or heat exchange was calculated using the standard
formula for exergy analysis.

5 Building Energy Retrofit Configurations

The actual building configuration, called Setting 0, was described in the previous
paragraph. In this configuration the the system’s annual exergy inflow is
496,323 kWh, and the annual exergy outflow from the system (that is, transferred
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to the surroundings) is 22,414 kWh. The ratio between these two indicates that the
exergy destruction percentage is around 95 %, and so the building in the actual
configuration is very high impact.

Eight different building configurations, called Settings 1 to 8, involving both
conventional and advanced energy retrofit strategies, were analyzed using the
Trnsys transient model. The purpose of the analysis was to assess which of these
strategies would allow for system enhancements, both from a relative point of view,
that is, the exergy destruction percentage, and from an absolute point of view, that
is, the building exergy demand. The main features of each building configuration
are described in what follows:

e Setting 1: application of a thermal insulation to the whole building envelope.
The walls’ thermal transmittance falls from 0.642 to 0.242 W/mzK, the roof
thermal transmittance from 1.427 to 0.250 W/m’K, and the glazing thermal
transmittance from 2.83 to 1.4 W/mzK.

e Setting 2: installation of mechanical ventilation systems (one for each apart-
ment) in place of natural ventilation. We implemented a combination of air
handler devices (such as heat recovery units and variable-flow-rate fans) and
control logics to activate the heat-recovery function in winter and the free
cooling function in summer only when suitable for the heating/cooling con-
sumption reduction.

e Setting 3: this configuration is the sum of Settings 1 and 2.

e Setting 4: installation of an electric air-source heat pump that fuels the central
heating system, in place of the gas-fired condensing boiler.

e Setting 5: this configuration is the sum of Settings 1 and 4.

e Setting 6: this configuration is the sum of Settings 1, 2, and 4.

e Setting 7: installation on the building roof of solar thermal and photovoltaic
devices. The photovoltaic field is fully connected. Instead the solar thermal field
is split up into four subfields, for the following reason. The produced thermal
energy fuels four semicentralized DHW production systems. These systems are
obtained linking the actual individual boilers in four clusters, one for each
apartment group connected to the same stairwell. Each system has a solar
technical room located on the building roof, equipped with its own water thermal
storage and control system. The produced electrical energy fuels the building’s
needs when consumption is greater than production and is fed to the grid when
production is greater than consumption.

« Setting 8: this configuration is the sum of Settings 1, 2, 4, and 7.

The resulting exergy values, both for single flow and for the sum of inlet and
outlet flows, for each analyzed building configuration are summarized in
Table 40.1.
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6 Results and Discussion

From a relative point of view, that is, considering the aim of exergy destruction
percentage reduction, the analysis results show values ranging from 92.86 % in
Setting 4 to 95.48 % in Setting 0. The paradox of these results is that whatever
energy retrofit strategy leads to an exergy destruction percentage (slight) increase
respect to the actual configuration. This configuration, that is, one having the
highest energy demand, would seem to be exergetically more suitable. The apparent
tradeoff between energy demand and exergy destruction percentage, that is,
between energy analysis and exergy analysis, can be overcome by changing
perspective from a relative to an absolute one.

We underline that, as mentioned at the beginning of the chapter, a building is not
designed to produce something useful but to provide thermal indoor comfort and
functionality. So a building exergy analysis will not necessarily address how to
reduce the exergy destruction percentage. Alternatively, it could address the build-
ing exergy demand reduction.

From an absolute point of view, that is, considering the aim of building exergy
demand reduction, the analysis results show that the actual configuration has the
maximum exergy requirement. Instead, Setting 8, the one with the lowest energy
demand, has the minimum exergy requirement. In this way the alignment between
energy analysis and exergy analysis is restored. All building configurations bring
exergy savings with respect to the actual configuration. The saving values range
from —7.79 % (Setting 2) to —50.97 % (Setting 8).

The ratio between the Setting O inlet exergy and the Setting 8 inlet exergy is
around 2:1. The ratio between the Setting O outlet exergy and the Setting
8 outlet exergy is around 1.3:1. From these ratios we get the following consider-
ation: energy retrofit strategies affect inlet flow exergy values rather than
outlet flow exergy values because the former have high exergy while the latter
have low exergy.

On the basis of the analysis, we can look at a building as an intrinsic exergy
destroyer. We determined that the main reasons for this quality of being a destroyer
lie in the high exergy magnitude of the sun, the fuels, and the grid electricity
compared to the low exergy magnitude of the thermal exergy interaction between a
building and its surroundings.

To extend the model from the building scale to the district scale we refer to the
methodologies presented by Balocco et al. [17] and Balocco and Grazzini [18]. In
the first work the extended exergy analysis method is applied to evaluate the
sustainability of an urban area. The applied methodology provides a single ther-
modynamic environmental criterion for the selection of technological alternatives,
strategies, and designs that produce lower environmental impacts. In the second
work some thermodynamic indicators are introduced that are useful for energy
planning in urban areas and for defining the scenarios of integrated low-
environmental-impact energy strategies and actions in an urban area.
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7 Conclusions

This chapter introduces a model capable of describing the interaction between a
building and its surroundings from an exergetic point of view. The building is
treated as a black box, evaluating the exergy of overall energy and matter fluxes that
cross the system boundaries. In this way it is possible to evaluate the exergy balance
of the system and particularly the destroyed exergy. The exergy destruction per-
centage can be understood as a building environmental impact indicator.

To illustrate the main model concept and its operating suitability, an existing
building was analyzed using the transient simulation software Trnsys. The model-
ing results show that around 95 % of the exergy used in the building is destroyed
and that around 5 % is lost (transferred to the surroundings). This means that this
building has a very high impact.

However, all the building’s retrofit configurations bring exergy savings with
respect to the actual configuration. The saving values range from —7.79 % (Setting
2) to —50.97 % (Setting 8). Looking at the building as an intrinsic exergy destroyer,
we conclude that the building energy retrofit can be used to reduce its exergy
demand.

In relation to the building design, the exergy approach leads to applying fueling
solutions that use a low-exergy energy carrier or to improving the efficiency of the
generation devices that use a high-exergy energy carrier. Moreover, the approach
leads to a recommendation to install solar photovoltaic or thermal systems in order
to take advantage of the electrical or thermal conversion of solar radiation incident
on the building envelope. In general, the exergy approach enables building
designers to assess their design choices from a perspective of exergy demand
minimization, that is, from a perspective of system impact on the environment.
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