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Abstract: With the acceleration of urbanization, urban multi-energy systems (UMESs) generate
more and more carbon emissions, causing severe environmental issues. The carbon generated by
UMESs includes not only emissions from the consumption of fossil fuels for electricity generation
during operation phases, but also those from the transportation, extraction, and recycling of materials
during construction phases. Meanwhile, as carbon emissions are delivered with the energy flow
among devices in the UMES, they are distributed differently across devices. Under this background,
analyzing the carbon emissions of UMESs considering different life-cycle phases (i.e., operation and
construction) and carbon flow characteristics is essential for carbon reduction and environmental
protection. Considering that, a novel framework for tracing and evaluating life-cycle carbon emissions
of UMESs is proposed in this paper. Firstly, the carbon emission models of different devices in UMESs,
including energy sources and energy hub (EH), are established considering both the construction
and operation phases. On this basis, the carbon flow matrixes of EHs coupled with the energy flow
model are formulated to trace the distribution of life-cycle carbon emissions in UMESs. Moreover,
different evaluation indices including the device carbon distribution factor (DCDF) and consumer
carbon distribution factor (CCDF) are proposed to quantify the carbon emissions of devices and
consumers in UMESs. The case study results based on a typical test UMES are presented to verify
the effectiveness of the proposed framework. The analysis results of the test system show that about
60% of carbon emissions are delivered to electricity loads and the construction-produced carbon
emissions of energy sources and EH devices account for nearly 35% of total carbon emissions at
some periods.

Keywords: urban multi-energy systems; life-cycle carbon emissions; energy hub; carbon flow

1. Introduction

A. Background

To address severe environmental issues and climate changes [1], a consensus on
carbon dioxide emission (also referred to as carbon emission for brevity) reduction was
achieved at the UN Climate Change Conference (COP26) by countries around the world [2].
Urban multi-energy systems (UMESs), one of the main carbon emission sources, generated
around 80% of global carbon emissions with the acceleration of urbanization [3]. Under this
background, evaluating the carbon emissions generated by UMESs is essential for carbon
emission reduction and environmental protection.

The composition and distribution of carbon emissions in UMESs are complex, which
brings some challenges to analysis. On the one hand, carbon emissions can be produced
during different life-cycle phases of the UMESs, i.e., construction and operation phases [4].
For example, during the construction phase, carbon emissions may be produced by trans-
porting, extracting, and recycling materials. According to the report of the United Nations
Environment Programme, the carbon emissions during the construction phases can account
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for about 30% of total life-cycle carbon emissions [5]. During the operation phase, the car-
bon will be emitted due to the consumption of coal or gas fuels for electricity generation [6].
On the other hand, as carbon emissions are delivered with the energy flow among devices
in UMESs, they are distributed differently across devices [7]. Accurate identification of
devices in UMESs with high carbon emissions is critical for carbon reduction. Therefore,
it is critical to building a framework for carbon emission analysis of devices in UMESs
considering both construction and operation phases as well as carbon flow characteristics.

B. Literature Review

One of the most critical issues in carbon emission analysis is to establish effective
evaluation models. The carbon emission evaluating models of energy systems have been
investigated extensively. Reference [8] presented a generalized model for the estimation
of average displaced or avoided system emissions by intermittent renewable sources.
Reference [9] presented a model based on an original indicator called trigeneration carbon
emission reduction, to assess the emission reduction of carbon and other greenhouse gases
from combined heat and power systems concerning the separate production. Reference [10]
introduced the concept of carbon emission flow in networks. Based on the carbon emission
flow theory, reference [11] formulated the carbon emission flow model in the power system
sector to trace the carbon emissions associated with the flow of electricity. Reference [6]
proposed an analytical model for carbon emission flow to quantify the carbon emissions
associated with the energy delivery and conversion process. Reference [12] proposed a
low-carbon optimal scheduling model considering demand response (DR) based carbon
intensity controls. Reference [13] proposed a novel equilibrium-inspired multiagent op-
timization model for decentralized optimal carbon-energy combined flow of large-scale
power systems. Reference [14] proposed a two-stage low-carbon operation planning model
based on a bilateral trading mechanism with active demand-side management.

These evaluation models can be classified into two types: statistics-based models and
trace-based models. The statistics-based models usually evaluate the carbon emissions
for energy generation sides according to the emission factors of different fossil fuels [8,9].
The proposed methods can obtain the total carbon emissions of energy systems such
as UMESs, but cannot determine the distribution of carbon emissions among devices.
Under this circumstance, the dominant devices that cause high carbon emissions cannot be
identified, which may hinder the strategy formulation of accurate carbon reduction. In order
to address this problem, trace-based models are proposed to quantify the carbon emissions
of each component in systems based on the energy flow models [6,10–14]. However,
the previous studies mainly focus on the carbon emissions during operational phases,
whereas the carbon emissions in theconstruction phases are seldom considered. Indeed,
the carbon emissions during the construction phases can account for about 30% of total life-
cycle carbon emissions [5]. Considering that, the distribution of life-cycle carbon emissions
among different devices in UMESs cannot be determined precisely by the existing methods.
A novel model to evaluate the life-cycle carbon emissions of UMESs needs to be developed
considering the synthetical effects of system operation and construction.

In addition, the development of reasonable evaluation indices is another key to quan-
tifying the effects of carbon emission reduction. Some research studies have put forward
several carbon emission indices. Reference [15] proposed an evaluation index system
for the combined cooling, heating, and power plant to qualify the relationship between
economy and carbon emissions. References [16,17] proposed various evaluation indices
to assess the carbon emissions of the heating pump and gas boiler in energy hubs (EHs),
respectively. However, most of these evaluation indices focus on single devices, such as
generator units and EH devices, and are not evaluated at the system level, which makes
it difficult to effectively excavate the key devices that generate high carbon emissions in
the system. In addition, these indicators usually evaluate the carbon emissions during the
operation phase and neglect the construction phase, resulting in limited reference value and
guiding significance. Therefore, new indices to evaluate the carbon emissions of devices
and consumers in the UMES need to be proposed.
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C. Contributions

Therefore, to overcome the above challenges, this paper proposes a framework for
tracing and evaluating the life-cycle carbon emissions in UMESs. The major contributions
of this paper are illustrated as follows:

1. A tracing method is proposed to determine the life-cycle carbon emission flow among
various devices in UMESs. Specifically, the carbon emission models of different
devices, including energy sources and EHs, are established considering both the
construction and operation phases. On this basis, the carbon flow matrixes of the EH
are developed by combining the devices’ carbon emission models and the energy flow
model. In this way, the distribution of life-cycle carbon emission flow in UMESs at
different phases can be traced.

2. Based on the traced carbon flow, two evaluation indices are proposed to analyze
the carbon emissions of devices and consumers in UMESs, including the device car-
bon distribution factor (DCDF) and consumer carbon distribution factor (CCDF). In
specific, the DCDF index is to characterize the carbon emissions per unit of energy
generated by EH devices, while the CCDF index reflects the proportion of carbon
emissions delivered to consumers at different phases, such as construction and op-
eration. Through these indicators, the key devices and consumers with high carbon
emissions in the system can be identified, which can guide the formulation of carbon
reduction strategies.

2. Life-Cycle Carbon Emissions of UMESs

As shown in Figure 1, the UMES mainly has two parts to satisfy the energy consump-
tion of the consumers, i.e., the energy sources and the EH. The energy sources are the
energy providers of UMESs, which mainly refer to gas flow from gas systems and electricity
flow from power systems. The EH is a series of devices that converts energy to satisfy
the energy consumption of consumers, which can be regarded as the connection between
energy sources and consumers. At the end of UMESs, the consumers with different energy
usage habits constitute electricity loads, heating loads, and cooling loads.
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Figure 1. The framework of UMESs and their life-cycle carbon emissions.

In the life cycle, carbon emissions can be produced during the construction phase
and the operation phase [4]. During the construction phase, the carbon emissions are
produced by the material extraction and the device manufacture, etc. During the operation
phase, the carbon emissions are produced by fossil fuel burning. In this section, the carbon
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emission models of different parts, including energy sources and EHs, are established
considering both the construction and operation phases.

2.1. Carbon Emissions of Energy Sources

As shown in Figure 1, the power system is combined with five types of power plants,
i.e., thermal, solar, wind, hydro, and nuclear, while the gas system is combined with
one type of gas production device, i.e., gas wells. Based on the structure of energy pro-
duction devices in UMESs, the carbon emissions of all energy sources will be evaluated
as follows.

2.1.1. Construction-Produced Carbon Emissions

Generally, the construction-produced carbon emissions are one-off during the life
cycle, while the operation-produced carbon emissions exist all the time. During the opera-
tion of different devices, construction-produced carbon emissions can be distributed to the
continuous energy production, which shares the same time scale as operation-produced
carbon emissions. For simplicity, the carbon emissions produced during both construction
and operation phases are standardized into the carbon emissions per unit of energy [10].
The standardization of construction-produced carbon emissions for different devices de-
pends on calculating the total amount of energy generated during the devices’ service
lifetime. Based on the history energy generation data and load forecasting of UMESs [18],
the total amount of energy generated in devices’ service lifetime can be estimated as:

APTotal
Ω,i = ∑

y
PHistory

Ω,i,s,w,y × THistory
Ω,i,s,w × (1 + λ)y, Ω ∈ {E, G, H, C} (1)

where, Ω represents the energy types (E represents electricity, G represents gas, H represents
heating, C presents cooling). i represents the device of UMESs. APTotal

Ω,i is the total energy
generation amount in the service lifetime of device i. y represents the year. s represents
the season (i.e., spring, summer, autumn, winter). w represents the day (i.e., weekday,
weekend). PHistory

Ω,i,s,w,y is the historical data of energy generation of device i. THistory
Ω,i,s,w is the

history data of duration time of season s and day w. λ is the annual growth rate of
energy generation.

Based on that, the construction-produced carbon emissions per unit of energy are mod-
eled as the ratio of total carbon emissions and the total amount of energy generation [12].

cCon
i =

CCon
i

APTotal
Ω,i

(2)

where cCon
i is construction-produced carbon emissions per unit of energy generated by

device i. CCon
i the total construction-produced carbon emissions of device i.

Taking the power system as an example, the construction-produced carbon emissions
are simultaneously related to the carbon emissions of each power plant per unit of energy,
as well as the proportion of different power plants accounting for the total power output.
Hence, the construction-produced carbon emissions per unit of energy cCon

E (t) can be
estimated by the mean value of those for different power plants, which can be estimated
as [18]:

cCon
E (t) = cCon

Sou RSou
E (t) (3)

where, cCon
E (t) is construction-produced carbon emissions per unit of electric power supplied to the

EH. cCon
Sou =

[
cCon

Thermal , cCon
Solar, cCon

Wind, cCon
Hydro, cCon

Nuclear

]
is the matrix of the construction-produced

carbon emissions per unit of energy generated by different power plants, i.e., thermal, solar,

wind, hydro, and nuclear. RSou
E (t) =

[
RSou

Thermal(t), RSou
Solar(t), RSou

Wind(t), RSou
Hydro(t), RSou

Nuclear(t)
]T

is the proportion matrix of different power plants that account for the power output in
power systems.

It should be noted that the proportion of power output for different power plants are
fluctuating with time. Therefore, although the construction-produced carbon emissions per
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unit of energy generated by different power plants are constant, the construction-produced
carbon emissions per unit of energy cCon

E (t) can be fluctuating with time.
Since there is only one type of gas source in the gas system, the construction-produced

carbon emissions per unit of gas cCon
G can be seen as constant and determined by those of

gas wells.

2.1.2. Operation-Produced Carbon Emissions

The carbon emissions of power systems are produced by burning fossil fuels during
the operation phase. In general, solar, wind, hydro, and nuclear are clean fuels, which
produce no carbon during the operation phase. The thermal power plant is the main source
to produce carbon. Therefore, the operation-produced carbon emissions per unit of energy
supplied to the EH. cOpe

E (t) is mainly determined by the thermal power, which can be
calculated as [16]:

cOpe
E (t) = cOpe

Thermal R
Sou
Thermal(t) (4)

where, cOpe
E (t) is the operation-produced carbon emissions per unit of energy. cOpe

Thermal is
the operation-produced carbon emissions per unit of energy generated by thermal power
plants.

In accordance with cCon
E (t), the operation-produced carbon emissions per unit of

energy cOpe
E (t) are also fluctuating with time, since the proportion of power output for

different power plants changes.
Likewise, the operation-produced carbon emissions per unit of gas cOpe

G are constant
and determined by the carbon emissions of gas wells.

2.2. Carbon Emissions of EH Devices

There are four devices in the EH, i.e., the combined heat and power plant (CHP), the
electricity boiler (EB), the gas boiler (GB), and the absorption chiller (AB), as shown in
Figure 1. In accordance with the power plants in the power systems, the construction-
produced carbon emissions of these devices in the EH are related to the extraction and
recycling processes of construction materials. Additionally, the operation-produced carbon
emissions of different devices in the EH are determined by the corresponding power or
gas consumption. Hence, the carbon emissions of EH during construction and operation
phases are modeled as follows.

2.2.1. Construction-Produced Carbon Emissions

The total construction-produced carbon emissions of device i in EH are modeled as
the carbon emissions produced by the main construction materials (aluminum, copper,
polyethylene, steel, and zinc) during the construction phase. In this paper, the construction-
produced carbon emissions of different construction materials produced during the ex-
traction, manufacture, demolition, recycling, and disposal phases are set according to the
data provided by reference [19] and GaBi database [16]. Additionally, the carbon emissions
of different construction materials produced during the onsite phase are modeled as the
transportation carbon emissions considering the weight of construction materials and the
distance between the address of purchase and construction [18].

CEH
i = cMaterial

i mi + cTransportation
i Limi (5)

where, cMaterial
i =

[
cAluminum

i , cCopper
i , cPolyethylene

i , cSteel
i , cZinc

i

]
is the matrix of the carbon

emissions per kilogram of different construction materials, i.e., aluminum, copper, polyethy-

lene, steel, and zinc. mi =
[
mAluminum

i , mCopper
i , mPolyethylene

i , mSteel
i , mZinc

i

]T
is the matrix of

different construction materials’ weight. cTransportation
i is the carbon emissions of device i per

kilogram and kilometer. Li =
[

LAluminum
i , LCopper

i , LPolyethylene
i , LSteel

i , LZinc
i

]T
is the matrix

of the transportation distances of construction materials.
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It should be noted that the data of cTransportation
i , cMaterial

i , and mi, is selected from
reference [19] and the GaBi database [16]. The Li depends on the address of purchase and
construction of different construction materials.

2.2.2. Operation-Produced Carbon Emissions

As the connection between energy sources and consumers, the EH mainly converts
different types of energy to satisfy the energy consumption of consumers. Therefore,
the operation-produced carbon emissions of EH are simultaneously determined by both
construction-produced and operation-produced carbon emissions of energy sources.

The amount of operation-produced carbon emissions of EH is modeled as the sum of
construction-produced and operation-produced carbon emissions of energy sources [11].

∑
i

CEH,Ope
i =

(
cCon

E (t) + cOpe
E (t)

)
PEH

E (t)∆t +
(

cCon
G + cOpe

G

)
PEH

G (t)∆t (6)

where, CEH,Ope
i is the total operation-produced carbon emissions amount of device i in EH.

PEH
E (t) and PEH

G (t) are the input electricity and gas of EH, respectively. cCon
G and cOpe

G are
the construction-produced and operation-produced carbon emissions per unit of gas and
power, respectively. ∆t is the step time.

It should be noted that the total operation-produced carbon emissions for EH can
be determined by the amount of power and gas supplied. However, considering the
energy conversion, the distribution of carbon emissions for different devices cannot be
determined. Under this circumstance, the carbon emissions per unit of energy supplied
to consumers cannot be determined. Hence, for calculating the amount of the embedded
operation-produced carbon emissions of different devices in EH, a tracing method needs to
be utilized. The specific method is proposed in Section 3 of this paper.

3. Tracing Method to Determine Life-Cycle Carbon Emission Flow of EH

Considering energy conversion features of the EH, the tracing methods are utilized for
calculating the life-cycle carbon emissions of different devices. The construction-produced
and operation-produced carbon emissions of energy sources and construction-produced
carbon emissions of EH devices are coupled with the energy flow of EH [6]. It should be
noted that the carbon emissions of energy supplied to different devices in the EH can be
different. For example, as the former device, the construction-produced carbon emissions of
the CHP units coupled with its outputs flow are delivered to the latter device AB. However,
the construction-produced carbon emissions of the AB cannot be delivered to the CHP
units due to the lack of corresponding energy flow. Therefore, the carbon emission flows
through different devices are closely related to energy flows.

In this section, the energy flows of the EH are firstly modeled. On this basis, the life-cycle
carbon tracing model integrated with the energy flow of the EH is proposed.

3.1. Energy Flow Model of EH

The energy flow of EH is the basis for tracing carbon emissions [6]. For calculating the
energy flow in UMESs, it is important to model the devices of EH. Each device in the EH,
i.e., CHP units, EB, GB, and AB, can be abstracted as a node. The topology and energy flow
variables of the EH are shown in Figure 1. The inputs of the EH are electricity and natural
gas, while the outputs of the EH are electricity, cooling, and heating. In normal operation,
the operation objective of the EH is to minimize operating costs. Therefore, the energy flow
model of the EH can be represented as (7)–(12) with the operational constraints of different
devices [20]. In the proposed model, the decision variables are the energy outputs of the
devices Pout

Ω,ji(t) in the EH.

min f = ∑
Ω

(
mΩ ×∑

t
∑

i
Pout

Ω,ji(t)

)
, j = 0 (7)
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Subject to:
Pout

Ω,i = ηΩ,i·∑
j

Pout
Ω,ji, i ∈ {1, 2, 3} (8)

Pout
Ω,i = COPΩ,i·∑

j
Pout

Ω,ji, i= 4 (9)

Pout
Ω,i,− ≤ Pout

Ω,i (t) ≤ Pout
Ω,i,+, i ∈ {2, 3, 4, 5} (10)

Pramp
Ω,i,− ≤ Pout

Ω,i (t)− Pout
Ω,i (t− 1) ≤ Pramp

Ω,i,+ (11)

Pout
H,1(t) ≥ 0

Pout
E,1 (t)− PA

E,1 −
PA

E,1−PB
E,1

PA
H,1−PB

H,1
× Pout

H,1(t) ≤ 0

Pout
E,1 (t)− PB

E,1 −
PB

E,1−PC
E,1

PB
H,1−PC

H,1
×
(

Pout
H,1(t)− PB

H,1

)
≥ 0

Pout
E,1 (t)− PD

E,1 −
PC

E,1−PD
E,1

PC
H,1−PD

H,1
× Pout

H,1(t) ≥ 0

(12)

where, i, j ∈ {0, 1, 2, 3, 4, 5} represent the devices with the corresponding number in EH.
Additionally, i, j = 0 represent the electricity and gas systems that supply energy. i, j = 5
represent the electricity/ cooling/ heating loads. i, j = 1, 2, 3, 4 represent the CHP units,
the EB, the GB, and the AB respectively. Pout

Ω,i (Pout
Ω,ji(t)) is the energy output of the device i

(the device j to the device i) in energy type Ω (i.e., electricity, gas, heating, and cooling).
ηΩ,i (COPΩ,i) is the energy conversion efficiency (coefficients of performance) of the device
i in energy type Ω. mΩ is the cost of unit energy Ω.

Equation (10) limits the energy generation output on devices of the EH. Equation (11)
limits the energy ramp rate on devices of the EH. PA

Ω,1, PB
Ω,1, PC

Ω,1, PD
Ω,1 (Ω ∈ {E, H}) are

extreme points forming the feasible operating region of the CHP units. Pout
Ω,i,−/Pout

Ω,i,+ is the
lower/ upper limits of energy capacity of the device i in energy type Ω. Pramp

Ω,i,+/Pramp
Ω,i,− is the

lower/ upper limits of energy ramp rate of the device i in energy type Ω. cΩ is the unit
price of Ω. Equation (12) represents the convex feasible operating region of the CHP units.

3.2. Life-Cycle Carbon Tracing Model Integrated with Energy Flow of the EH

Based on the results of the energy flow of EH, the life-cycle carbon emissions of EH are
the sum of the construction-produced and operation-produced carbon emissions of energy
sources and its own devices. Additionally, different from the construction-produced carbon
emissions of the devices in EH, the construction-produced and operation-produced carbon
emissions of energy sources are coupled with the same energy flow through all EH devices.
Therefore, the life-cycle carbon emissions of EH devices mainly include two parts, i.e.,
the construction-produced and operation-produced carbon emissions of energy sources,
and the construction-produced carbon emissions of the EH [21].

CLCA
Ω,ji = CSou

Ω,ji + CEH
Ω,ji (13)

where, CLCA
Ω,ji represents the life-cycle carbon emission flow delivered from the device j

to the device i.CSou
Ω,ji represents the total carbon emission flow related to energy sources

delivered from the device j to the device i. CEH
Ω,ji represents the carbon emission flow related

to the construction of EH delivered from the device j to the device i.

3.2.1. Tracing Carbon Flows Related to Energy Sources

The carbon emissions of energy sources come from power plants and gas wells to
consumers, including construction-produced and operation-produced ones. According to
the law of carbon emission balance, the total carbon emissions of the input ports are equal
to that of the output ports. Taking CHP units as an example, the carbon flows through
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CHP units to its latter devices can be determined based on the corresponding energy flows,
which can be represented as:[

CSou
H,1i

CSou
E,1i

]
= diag(cSou

H,1i, . . .︸ ︷︷ ︸
nH,1i

, cSou
E,1i, . . .︸ ︷︷ ︸

nE,1i

)

[
Pout

H,1i(t)
Pout

E,1i(t)

]
∆t (14)

where, Pout
H,1i(t) and Pout

E,1i(t) are the matrix of the heating flow and electricity flow from
CHP units to device i, respectively. CSou

H,1i and CSou
E,1i are the matrix of the carbon flow from

CHP units to device i coupled with the heating flow and electricity flow, respectively. nH,1i
and nE,1i are the amount of heating flow and electricity flow from CHP units to device
i, respectively. cSou

H,1i and cSou
E,1i are the carbon emissions per unit of the heating flow and

electricity flow from CHP units, respectively.
According to reference [11], the carbon emissions per unit of heating flow and electric-

ity flow from CHP units are determined by the energy conversion efficiency of CHP units
and the carbon emissions per unit of energy supplied to the CHP units.

cSou
H,1i =

ηH,1

η2
E,1 + η2

H,1

(
cCon

G + cOpe
G

)
(15)

cSou
E,1i =

ηE,1

η2
E,1 + η2

H,1

(
cCon

G + cOpe
G

)
(16)

In accordance with the CHP units, the carbon flows related to energy sources for each
EB, GB, and AB can be calculated as: CSou

H,2i
CSou

H,3i
CSou

C,4i

 = diag(cSou
H,2i(t), . . .︸ ︷︷ ︸

nH,2i

, cSou
H,3i, . . .︸ ︷︷ ︸

nH,3i

, cSou
C,4i(t), . . .︸ ︷︷ ︸

nC,4i

)

 Pout
H,2i(t)

Pout
H,3i(t)

Pout
C,4i(t)

∆t (17)

where, Pout
H,2i(t), Pout

H,3i(t), and Pout
C,4i(t) are the matrix of the heating flow from EB, the heating

flow from GB, and the cooling flow from AB to device i, respectively. CSou
H,2i, CSou

H,3i, and CSou
C,4i

are the matrix of the carbon flow from EB, GB, and AB to device i coupled with energy
flow, respectively. nH,2i, nH,3i, and nC,4i are the amount of energy flow from EB, GB, and
AB to device i, respectively. cSou

H,2i(t), cSou
H,3i, and cSou

C,4i(t) are the carbon emissions per unit of
the heating flow and electricity flow from EB, GB, and AB, respectively.

The carbon emissions per unit of heating flow and electricity flow from EB, GB, and
AB are determined by the energy conversion efficiency of these devices, and the carbon
emissions per unit of energy supplied to these devices [11].

cSou
H,2i(t) =

(
cCon

E (t) + cOpe
E (t)

)
ηH,2

(18)

cSou
H,3i =

(
cCon

G + cOpe
G

)
ηH,3

(19)

cSou
C,4i(t) =

∑
j

(
cSou

H,j4(t)× Pout
H,j4(t)

)
/∑

j
Pout

H,j4(t)

COPC,4
(20)

3.2.2. Tracing Construction-Produced Carbon Related to Energy Hub

In EH, the CHP units, EB, and GB correspond to former devices since they are supplied
by electricity or gas energy systems directly. Therefore, the construction-produced carbon
flow of these devices to the latter devices can be determined based on the corresponding
energy flows, which can be calculated as:



Energies 2022, 15, 2946 9 of 19

CEH
Ω,ji = diag( cEH

1 , . . .︸ ︷︷ ︸
nH,1i+nE,1i

, cEH
2 , . . .︸ ︷︷ ︸
nH,2i

, cEH
3 , . . .︸ ︷︷ ︸
nH,3i

)Pout
Ω,ji(t)∆t (21)

where, Pout
Ω,ji(t) =

[
Pout

Ω,ji(t)
]

is the matrix of energy flows from device j to device i. CEH
Ω,ji is

the matrix of construction-produced carbon flow of different devices coupled with energy
flow from CHP units, EB, and GB to device i.

Moreover, the AB corresponds to the latter devices in EH because it is supplied by
energy flows from the CHP units, EB, and GB. Therefore, the construction-produced carbon
flow of AB is modeled as the sum of construction-produced carbon emissions of itself and
delivered from the former devices.

CEH
Ω,4i = diag(cEH

4 , . . .︸ ︷︷ ︸
nC,4i

)Pout
C,4i(t)∆t + diag(cEH

4,in(t), . . .︸ ︷︷ ︸
nC,4i

)Pout
C,4i(t)∆t (22)

cEH
4,in(t) =

∑
j

(
cEH

j (t)× PEH
H,j4(t)

)
/∑

j
PEH

H,j4(t)

COPC,4
(23)

where, CEH
Ω,4i is the matrix of construction-produced carbon flow from AB to device i coupled

with the cooling flow. cEH
4,in(t) is the construction-produced carbon emissions per unit of

energy supplied from the former devices.
Considering the combination between life-cycle carbon flows related to energy sources

in Equation (13) and EH in Equation (23), the life-cycle carbon flows delivered from the
device j to the device i in the EH can be calculated as:

CLCA
Ω,ji = CSou

Ω,ji + CEH
Ω,ji

= cLCA
ji (t)Pout

Ω,ji(t)∆t
(24)

where, CLCA
Ω,ji is the matrix of the life-cycle carbon emission flow delivered from the device j

to the device i. CSou
Ω,ji is the matrix of the carbon flows (related to energy sources) delivered

from the device j to the device i. CEH
Ω,ji is the matrix of the carbon flows (related to EH

construction) delivered from the device j to the device i. cLCA
ji (t) is the matrix of the carbon

emissions per unit of energy delivered from the device j to the device i.

4. Evaluation of Life-Cycle Carbon Emissions of UMESs
4.1. Evaluation Indices

To precisely reduce carbon emissions, a set of indices for accurate carbon assessment
of UMESs is required. Most traditional evaluation indices focus on single devices, such
as generator units [15] and EH devices [16], and are not evaluated at the system level.
However, it is difficult to effectively excavate the key devices that generate high carbon
emissions in the system by evaluating single devices. The reasonable evaluation of de-
vices and consumers with higher carbon emissions is critical to achieving precise carbon
reductions of UMESs. In order to analyze the carbon emissions among various devices
and consumers in UMESs, the device carbon distribution factor (DCDF) and consumer
carbon distribution factor (CCDF) are proposed in this paper. On this basis, the evaluation
procedures for life-cycle carbon emissions of UMESs are illustrated in this section.

(1) Device Carbon Distribution Factor

Since the UMESs devices may have multiple energy flows at the same time, and their
energy types and amounts are different, the life-cycle carbon emissions per unit of energy
distributed in each device cannot be simply obtained by averaging them corresponding to
each energy flow. Therefore, this paper proposed the DCDF index to characterize the life-
cycle carbon emissions per unit of energy. The total life-cycle carbon emissions distributed
in device j can be calculated by the proposed life-cycle carbon tracing method. The total
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amount of energy generated by device j can be calculated by the energy flow model. As
shown in Figure 2a, the DCDF index can be calculated as the ratio of the total life-cycle
carbon emissions distributed in each device to the total amount of energy generated by the
corresponding device.

DCDFLCA
j (t) =

CTotal
j (t)

WTotal
j (t)

=

∑
Ω

∑
i

CLCA
Ω,ji (t)

∑
Ω

∑
i

Pout
Ω,ji(t)∆t

(25)

where, the DCDFLCA
j (t) is the DCDF index of device j. CTotal

j (t) is the total life-cycle carbon

emissions distributed in device j. WTotal
j (t) is the total amount of energy generated by

device j.
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It should be noted that some devices in the EH will have no carbon distribution since
their energy generation is zero during certain periods. In these special cases, the DCDF
value is set as zero.

(2) Consumer carbon distribution factor

Since different consumers have different energy usage habits, the carbon emission
composition of different consumers will be different. If consumers use more energy sup-
plied by the EH, they will contain more construction-produced carbon emissions of EH
than consumers who use more energy supplied by the power system. Therefore, this
paper proposed the CCDF index to reflect the proportion of carbon emissions delivered to
consumers at different phases, such as construction and operation. The carbon emissions
produced during different phases can be calculated as the product of the consumers’ energy
consumption and corresponding carbon emissions per unit of energy. It should be noted
that the life-cycle carbon emissions of consumers need to be calculated by the total life-cycle
carbon emissions and the total energy consumption of energy loads. As shown in Figure 2b,
the CCDF index can be calculated as the ratio of the carbon produced during different
phases to the life-cycle carbon emissions of consumers.

CCDFθ
k (t) =

Cθ
k (t)

CLCA
k (t)

=

∑
Ω

∑
j

(
PΩ,jk(t)× cθ

Ω,j5(t)
)

∑
Ω

∑
j

PΩ,jk(t)×
∑
j

CLCA
Ω,j5 (t)

∑
j

Pout
Ω,j5(t)

∆t (26)

where, θ presents the carbon type (i.e., energy sources construction, energy sources oper-
ation, energy hub construction). k presents the consumer. CCDFθ

k (t) is the CCDF index
during phase θ of consumer k. Cθ

k (t) is the carbon emissions produced during phase θ and
delivered to consumer k. CLCA

k (t) is the life-cycle carbon emissions delivered to consumer k.
PΩ,jk(t) is the energy consumption of consumer k. cθ

Ω,j5(t) is the carbon emissions per unit
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of energy generated during phase θ. CLCA
Ω,j5 (t) is the life-cycle carbon emissions delivered to

energy loads. Pout
Ω,j5(t) is the number of energy loads.

In this paper, all types of energy loads are nonzero during any period. If some
consumers do not have any energy consumption during certain periods, the CCDF value
will be set as zero.

4.2. Evaluation Processes

As shown in Figure 3, For evaluating the life-cycle carbon emissions of UMESs, there
are eight steps in the evaluation process:
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Step 1. Input life-cycle data of different power plants and gas wells. The data can in-
clude annual construction-produced and operation-produced carbon emissions per unit
of energy generated by different energy sources, e.g., the annual construction-produced and
operation-produced carbon emissions per unit of energy generated by thermal power plants.
Step 2. Input life-cycle data of different devices of EH, e.g., the types of construction
materials and their weight, the life-cycle carbon emissions of construction materials per
kilogram, the transportation distance between purchase and construction, and the carbon
emissions of transportation per kilogram per kilometer.
Step 3. Utilize Equation (5) to calculate the amount of life-cycle carbon emissions of different
EH devices during the construction phase considering different construction materials and
their transportation.
Step 4. Input EH data, i.e., the serving time of devices, the history of energy flow on
weekdays and weekends in four seasons, the output limit of devices, the ramp rate limit of
devices, and the energy conversion efficiency (coefficients of performance) of devices.
Step 5. Based on the results of Step 3 and Step 4, utilize Equation (2) to calculate the
construction-produced carbon emissions per unit of energy generated by EH devices, con-
sidering the multi-energy loads’ fluctuation among weekdays and weekends in four seasons.
Step 6. Utilize Equations (7)–(12) to calculate the energy flow and the outputs of de-
vices in EH for the economy. In this step, energy conversion and energy sources costs
are considered.
Step 7. Utilize Equations (13)–(24) to calculate the carbon flow generated by different
devices in UMESs. Additionally, each energy flow in UMESs consists of the operation-
produced and construction-produced carbon emissions of energy sources and the
construction-produced carbon emissions of EH devices, which are calculated respectively.
Step 8. Utilize Equation (25) to calculate the DCDF index and utilize Equation (26) to
calculate the CCDF index.
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5. Case Studies
5.1. Test System and Parameters

The test system is a typical UMES [22], of which the structure is shown in Figure 1.
The construction-produced and operation-produced carbon emission parameters of energy
sources are presented in Table 1 [23,24]. The construction materials data of EH devices
including CHP units [21], EB [17], GB [17], and AB [17] are presented in Table 2. Addition-
ally, the transportation-produced carbon emission parameters of all EH devices are set as
271.6 g/t*km, and the transportation distances of construction materials are set as 900 km.
The operation parameters of EH devices [25], including the capacity and ramp rate, are
presented in Tables 3 and 4. The electricity, heating, and cooling loads in four seasons are
presented in Figure A1 of Appendix A [22].

Table 1. Carbon emission parameters of energy sources in the test system (g/kWh).

Phases Thermal Solar Wind Hydro Nuclear Gas

Construction 215.6 89.9 18 12.75 11.9 19
Operation 785 0 0 0 0 283

Table 2. Construction materials data of EH devices in the test system.

CHP Units (kg) EB (kg) GB (kg) AB (kg) Unit Carbon Dioxide
Emissions (kg/kg) [19]

Aluminum 0.5 0 780 5040 11.6
Copper 672.1 7700 320 5760 2.7

Zinc 0.808 0 0 240 5.19
Steel 26790.9 33250 12500 44400 1.46

Polyethylene 267.8 350 95 480 1.462

Table 3. Capacities of EH devices in the test system (kW).

PA
H,1 PA

E,1 PB
H,1 PB

E,1 PC
H,1 PC

E,1
0 2500 1100 2100 900 500

PD
H,1 PD

E,1 Pout
H,2,− Pout

H,2,+ Pout
H,3,− Pout

H,3,+
0 1000 200 2500 200 2500

Pout
C,4,− Pout

C,4,+ Pout
C,5,− Pout

C,5,+ PEH
C,v,− PEH

C,v,+
200 4500 0 3000 0 2

Table 4. Ramp rate of EH devices in the test system (kW/s).

Pramp
H,1,− Pramp

H,1,+ Pramp
E,1,− Pramp

E,1,+ Pramp
H,2,− Pramp

H,2,+
−739.2 739.2 −554.4 554.4 −2000 2000

Pramp
H,3,− Pramp

H,3,+ Pramp
C,4,− Pramp

C,4,+ Pramp
C,5,− Pramp

C,5,+
−1250 1250 −18,000 18,000 −6000 6000

5.2. Analysis Results

(1) Carbon emissions of energy sources and EH devices

According to Equations (3) and (4), the carbon emissions per unit of energy gen-
erated by energy sources in the four seasons are calculated and illustrated in Figure 4,
wherein the dotted line, dashed line and solid line denote the construction-produced,
operation-produced, and life-cycle carbon emissions, respectively. In addition, the genera-
tion proportion of different energy sources is also displayed in Figure 4. It can be seen that
the operation-produced carbon emissions fluctuate with the generation trend of thermal
plants because they are mainly produced by thermal power plants. Different from the
operation-produced carbon emissions, the construction-produced carbon emissions of
different energy resources have no significant difference over the course of the year so the



Energies 2022, 15, 2946 13 of 19

dotted lines are nearly flat in four seasons. Note that as shown in Figure 4b, the output
of solar power generation increases around 12:00 in summer, so the operation-produced
carbon emissions stay at the lowest level of the year and the construction-produced carbon
emissions account for nearly 35% of total carbon emissions.
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Figure 4. Carbon emissions results and generation proportion of different energy sources in
four seasons.

The carbon emissions results of various EH devices are calculated and listed in Table 5.
It can be seen that the AB has the most total construction-produced carbon emissions of
12325 t, while it does not produce the largest construction-produced carbon emissions per
unit of energy generated. The EB has the most construction-produced carbon emissions
per unit of energy generated at 245.7 g/kWh. The GB has the least total construction-
produced carbon emissions amount of 2525 t, and the most total energy generation of
135 GW. Therefore, among EH devices, the GB produces the lowest construction-produced
carbon emissions per unit of energy generated, at 18.7 g/kWh.

Table 5. Carbon emissions results of EH devices.

CHP Units EB GB AB

Total construction-produced
carbon emissions amount (t) 3870 6388 2525 12325

Total energy generation (GW) 37 26 135 58
Construction-produced

carbon emissions per unit of
energy generated (g/kWh)

104.6 245.7 18.7 212.5

(2) Carbon emission flow of the UMES

The carbon emission flow of the test system on a summer weekday is shown in Figure 5,
in which the amount of carbon emission flow is represented by the width of the color band.
In addition, the inputs and outputs of the EH in the test system on summer weekdays
are presented in Figure A2 of Appendix A, and the results of the proposed method are
compared with the operation-produced carbon emissions tracing method, as shown in
Table 6. Figure 5 shows that the operation-produced carbon flow comes from two sources,
i.e., thermal plants and gas sources, while the construction-produced carbon flow comes
from more sources, including solar plants, wind plants, hydro plants, and nuclear plants.
Note that in the test system, the capacity of thermal plants is much higher than that of
other power plants, so the amount of the construction-produced carbon flow of thermal
plants is the highest in the system. Moreover, although the gas consumption and electricity
consumption are close throughout the day as shown in Figure A2a, the operation-produced
carbon emissions of the power system are higher than the gas system.

In this test system, the energy flow of electricity loads is mainly delivered from the
power system directly, while that of cooling loads and heating loads are mainly delivered
from the gas system through EH devices such as the GB and CHP units, as shown in
Figure 5. Therefore, the carbon emission flow of EH devices is mainly delivered to cooling
loads and heating loads, while that of energy sources is mainly delivered to electricity loads.
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Table 6. Carbon flow of EH devices throughout the day of a summer weekday (kg).

Former Device
Operation-Produced Carbon Emissions of Energy Sources

Thermal Gas Source Power System Power System Gas System

Latter device Power system Gas system Electricity boiler Electricity load Combined heat and power plant
Carbon emission 8500.73 4488.18 1094.07 7406.65 1354.78

Former device
Operation-produced carbon emissions of energy sources

Gas system Combined heat and
power plant

Combined heat and
power plant

Combined heat and
power plant Electricity boiler

Latter device Gas boiler Absorption chiller Heating load Electricity load Absorption chiller
Carbon emission 3133.39 867.06 0 487.72 907.41

Former device
Operation-produced carbon emissions of energy sources Construction-produced carbon

emissions of energy sources
Electricity boiler Gas boiler Gas boiler Absorption chiller Thermal

Latter device Heating load Absorption chiller Heating load Cooling load Power system
Carbon emission 186.65 2578.32 555.07 4352.8 1898.24

Former device
Construction-produced carbon emissions of energy sources

Nuclear Hydro Wind Solar Gas source
Latter device Power system Power system Power system Power system Gas system

Carbon emission 221.8 133.14 49.13 145.6 301.32

Former device
Construction-produced carbon emissions of energy sources

Power system Power system Gas system Gas system Combined heat and power plant

Latter device Electricity boiler Electricity load Combined heat and
power plant Gas boiler Absorption chiller

Carbon emission 303.63 2144.3 90.95 210.36 58.21

Former device
Construction-produced carbon emissions of energy sources

Combined heat and
power plant

Combined heat and
power plant Electricity boiler Electricity boiler Gas boiler

Latter device Heating load Electricity load Absorption chiller Heating load Absorption chiller
Carbon emission 0 32.74 251.84 51.79 173.1

Former device

Construction-produced carbon emissions of
energy sources Construction-produced carbon emissions of EH devices

Gas boiler Absorption chiller Combined heat and
power plant

Combined heat and
power plant Combined heat and power plant

Latter device Heating load Cooling load Absorption chiller Heating load Electricity load
Carbon emission 37.26 483.15 200.36 0 150.27

Former device
Construction-produced carbon emissions of EH devices

Electricity boiler Electricity boiler Gas boiler Gas boiler Absorption chiller
Latter device Absorption chiller Heating load Absorption chiller Heating load Cooling load

Carbon emission 283.67 58.23 161.8 34.83 1619.41

Furthermore, the carbon emissions of the UMES during 24 h of the day are shown
in Figure 6. It can be seen that the carbon emission results vary in different periods due
to changing load demands. The carbon emissions are classified by life cycle phases and
energy load types as shown in Figure 6a,b, respectively. Figure 6a shows that the operation-
produced carbon emissions generated by energy sources account for the largest proportion,
while Figure 6b indicates that the most carbon emissions are delivered to electricity loads.
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Additionally, the construction-produced carbon emissions of EH devices during 8:00–18:00
are larger than in other periods due to the significant increase in cooling loads, as shown in
Figure A2b.
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Figure 6. The carbon emissions of the UMES in 24 h of a summer weekday.

(3) Evaluation indices

According to Equation (25), the DCDF indices of various EH devices are calculated
and illustrated in Figure 7. It can be seen that the DCDF indices of CHP units and GB stay
at a low level, indicating the carbon emissions per unit of energy distributed in them are
small. This is because the CHP units and GB are mainly powered by gas fuel. Moreover,
the DCDF index of AB also stays at a low level during 7:00–22:00, because the heating to
AB is provided by GB during this period and EB during other periods.
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Figure 7. The DCDF values of various EH devices.

According to Equation (26), the CCDF indices of two different consumers (i.e., Con-
sumer A and Consumer B) at two periods are calculated and shown in Figure 8. It is
assumed that Consumer A only has electricity-driven thermostatically controlled loads
for cooling, while Consumer B has multi-energy-driven thermostatically controlled loads.
The ratio of multi-energy consumption (i.e., electricity: heating: cooling) is 9:0:1 for Con-
sumer A and 5:1:4 for Consumer B. In this paper, the circumstances of Consumer A and B
at 00:00 are denoted as A1 and B1, respectively. Likewise, the circumstances of Consumer
A and B at 12:00 are denoted as A2 and B2, respectively.

As shown in Figure 8, the EH construction-produced CCDF value of Consumer B
is larger than that of Consumer A. That is because Consumer B has more cooling loads
than Consumer A, which delivered more construction-produced carbon emissions of EH
devices. Meanwhile, the energy structure is different during different periods. As shown in
Figure 8, the energy source operation-produced CCDF value at A1 is larger than that at
A2. That is because the energy generation of renewable energy resources (e.g., solar power
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plants) is small while that of thermal plants is large at 00:00 than those at 12:00, as shown in
Figure 8b.
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Figure 8. The CCDF index of two consumers with different energy usage habits at two periods.

To verify the applicability and generality of the framework proposed in this paper, a
more complex UMES is used for simulation. Compared with the original test system, the
number of consumers with complicated energy usage habits has increased by five times.
The carbon emission flow of this more challenging case can be successfully traced by the
proposed method, and the calculation results are appended in Figure 9. The results show
that the carbon emissions of the gas system in this complex network are significantly higher
than the power system because the EH is mainly responsible for the user’s energy demand
in the complex system. Compared with the original system, the construction-produced
carbon emissions of EH devices per unit of energy in the complex system are reduced.
This is due to the higher frequency of use of EH devices, as introduced in Section 2.2.
Moreover, the total carbon emissions of users in this complex system drop. This is because
the dependence of this complex system on natural gas has greatly increased compared
to the original network. The results show that the framework proposed in this paper is
universal for complex systems.
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Figure 9. Carbon emissions per unit of energy.

5.3. Discussion

Based on the proposed framework, the distribution of life-cycle carbon emission flow
in UMESs at both the construction and operation phases can be traced. Numerical results
indicate that about 60% of carbon emissions are delivered to electricity loads and the
construction-produced carbon emissions of energy sources and EH devices account for
nearly 35% of total carbon emissions at some periods. Accurate identification of devices
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in UMESs with high carbon emissions can guide the formulation of carbon reduction
strategies. Additionally, the DCDF index can help system operators identify devices with
high carbon emissions and the corresponding time periods, based on which effective
operation strategies can be developed for carbon emission reduction. The CCDF index can
help system operators find out critical consumers with high carbon emissions in the UMES
to implement precise carbon emission reduction controls.

6. Conclusions

This paper proposes a framework for tracing and evaluating the life-cycle carbon
emissions of UMESs, considering both the construction and operation phases. A tracing
method is proposed to determine the life-cycle carbon emission flow among various devices
in UMESs. Specifically, the carbon emission models of different devices, including energy
sources and EHs, are established considering both the construction and operation phases.
On this basis, the carbon flow matrixes of the EH are developed by combining the devices’
carbon emission models and the EH energy flow model. Based on the traced carbon
flow, evaluation indices are proposed to analyze the carbon emissions of each device and
consumer in the UMES, including the DCDF index and CCDF index. The case study based
on a realistic UMES is conducted to verify the effectiveness of the proposed framework.
Numerical results indicate that thermal plants are the most carbon emissions devices in
UMESs, and most carbon emissions are delivered to electricity loads. The construction-
produced carbon emissions of energy sources and EH devices account for nearly 35% of
total carbon emissions at some periods.

The proposed framework helps system operators to identify the key devices and
consumers with high carbon emissions in UMESs, which can guide the formulation of
effective carbon reduction strategies.
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Figure A1. The electricity, heating and cooling loads for the EH in four seasons.
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