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Abstract

Replacement and upgrading of assets in the electricity network requires financial investment for the distribution and
transmission utilities. The replacement and upgrading of network assets also represents an emissions impact due to the
carbon embodied in the materials used to manufacture network assets. This paper uses investment and asset data for
the GB system for 2015-2023 to assess the suitability of using a proxy with peak demand data and network investment
data to calculate the carbon impacts of network investments. The proxies are calculated on a regional basis and applied
to calculate the embodied carbon associated with current network assets by DNO region. The proxies are also applied
to peak demand data across the 2015-2023 period to estimate the expected levels of embodied carbon that will be
associated with network investment during this period. The suitability of these proxies in different contexts are then
discussed, along with initial scenario analysis to calculate the impact of avoiding or deferring network investments
through distributed generation projects. The proxies were found to be effective in estimating the total embodied carbon
of electricity system investment in order to compare investment strategies in different regions of the GB network.

Keywords: embodied carbon, distributed generation, proxy, network investment deferral

1. Introduction [3]], and the financial impact associated with Network
) ] o Investment Deferral has been calculated [4], [3] in sev-
It is estimated that the transition to a low carbon elec- eral local models and the possibility of DSM and DG

tricity system for the GB electricity network could re-
quire investment of 8.8bn GBP in reinforcements on
the Transmission Network (Tx) [1]]. These network in-
vestments would have embodied carbon impacts due to
the materials and construction activities associated with
network assets, such as the installation and upgrade of
cables and transformers. Investments in new network
assets will aid and enable the transition to a low carbon
electricity supply but their associated emissions should
be quantified and taken into consideration when decid-
ing on investment strategies.

The impact of Demand Side Management (DSM)
or Distributed Generation (DG) projects on Network
Investment has been investigated by a number of re-
searchers, each taking a different focus, due to the num-
ber of ways that DG can affect the network. These im-
pacts include minimising losses [2] and potentially de-
ferring network investment by reducing peak demand

contributing to reduced investment costs and therefore
emissions is discussed in several papers. However,
there is often no attempt to quantify this environmen-
tal impact. For a DG owner or DSM project opera-
tor, assessing the environmental impact of their projects
could become vital as carbon footprint reporting be-
comes mandatory. It is especially important for cer-
tain DG owners such as owners of standby genera-
tors (SG), which are often diesel fuelled. Diesel gen-
erators are the most commonly installed DG technol-
ogy worldwide and are often used for network sup-
port through contracts with the SO to run at time of
peak demand. Running diesel generators emits car-
bon locally, which can have a negative brand impact
or financial impact depending on the company size and
regulatory framework. The carbon emitted locally is
higher than the average grid emissions factor in the GB
electricity system. An average diesel generator emits
700 gCO,/kWh, whereas average grid emissions factors
range from 430 gCO,/kWh to 520 gCO,/kWh [6]. It is
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therefore important to consider the long term impacts
of running diesel generators in supporting the electric-
ity network.

Assessing the impact of Network Investment and
Network Investment Deferral is challenging for an in-
dividual project-by-project basis as a Life Cycle As-
sessment (LCA) would need to be carried out, which
is a data-intensive and time-consuming process. How-
ever, applying a proxy, or emissions factor, provides an
estimate that could be used to evaluate and compare a
range of different project options. A proxy is a factor
used to convert one unit to another. Being able to apply
a proxy to convert between investment and investment
deferral to the amount of embodied carbon associated
with that investment would allow for an estimate to be
generated based on data that is readily available to ei-
ther the Transmission Network System Operator (SO)
or Distribution Network Operator (DNO).

It is therefore the aim of this paper to identify an ap-
propriate proxy that can be used to estimate the embod-
ied carbon associated with network assets, given either
network investment or increase in peak demand over a
given time, in order to consider the total carbon impact
of running a DG unit in support of the electricity net-
work. The GB system is used as a case study given the
availability of peak demand data and investment data
over a set period of time. The GB SO, National Grid,
have contracts with owners of 743 MW of diesel gener-
ators for network support [[7]], which are regularly used
in times of peak demand. National Grid have recently
acknowledged the importance of calculating the carbon
associated with network support [8]. These calculations
are not complete without an assessment of the embodied
carbon impact of delaying network investment.

2. Motivation

There are two key benefits of the proxy described
above for the SO and DNO: they can calculate the em-
bodied carbon cost of peak demand growth under cur-
rent investment strategies; and they can use the proxy to
assess other options for peak load reduction for poten-
tially lower carbon solutions.

At present in the GB system, the second benefit may
be more applicable to the SO due to the fact that the
DNO cannot arrange contracts for ancillary services like
the SO can. However, in the future, DNOs may have
some control over using different methods to manage
their network investment requirements and they may
wish to evaluate the carbon impacts of several options
before deciding on an investment strategy. In addition
to this, DG owners may wish to understand the carbon

impact of running their DG on the network as part of
their CSR policy or environmental strategy,

The use of DG and DSM is likely to increase as the
transition to a low carbon electricity supply progresses.
The running of company owned DG and SG may be
incentivised inherently by the electricity pricing struc-
ture, as is the case in the GB electricity market [9]], or
through formal contracts with the SO in times of ex-
treme peak demand. However, when running different
forms of DG, in particular SG, carbon emissions may
be emitted locally. The associated carbon emissions can
have a branding impact as well as a financial impact for
the DG owners. Although the contracts and inherent
incentives are designed to cover fuel costs, they are not
designed to cover the cost of emissions to the DG owner.
For example in the UK, larger electricity consumers on
a half hourly metered tariff pay the Carbon Reduction
Commitment (CRC) at 16.40GBP per tonne [10]]. This
carbon charge has increased year on year since 2012,
when the charge was 12GBP per tonne [L1]. Due to
these charges, quantifying the carbon impact could be-
come a deciding factor for companies considering run-
ning their generators for grid support. A driver for some
of the Network Investment Deferral work quantifying
the economic benefits has been distribution of benefits
to DG owners in order to encourage those most benefi-
cial to the network. This understanding is also a moti-
vation and potential application of the work [12].

There is a range of literature that discusses Network
Investment Deferral but most of it focuses on the finan-
cial impact to DNOs, although there is a body of work
that talks about the potential for transmission network
level benefits on an aggregated level. Certain papers dis-
cuss the potential for DG to defer network investment as
the context for assessing DG impacts [13H15]]. Most of
the work fails to account for the fact DG has an emis-
sions impact on the network, although some aims to in-
tegrate emissions to some degree [4]. However, more
often than not the focus is on financial impacts.

A number of previous studies have attempted to quan-
tify the potential resource in a number of different man-
ners. Difference in Return on Investment (ROI) between
DG and Network Investment [5], [L6, [17] and Capi-
tal expenditure by the Distribution Network Operator
(DNO) [18H22] are the most commonly calculated vari-
ables. However, some studies have identified methods
to calculate the length of investment deferral in years
[231124]] and allowable additional load growth due to DG
[25]] or a combination of the above [4} 12, 26]].

In addition to the range of indicators used within
the literature, there is also a difference in aims; some
literature focuses on modelling or quantifying impacts
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Figure 1: Comparison of Annual DNO Benefits calculated in Litera-
ture
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Figure 2: Comparison of DNO Benefits per kW of DG Capacity as
found in Literature

whereas others, particularly those looking at a range of
indicators, aim to optimise DG sizing, location, tech-
nologies and penetration levels. This range of indicators
and aims makes comparing data and results challenging.
While some papers choose to calculate the total savings
across a DNO region, as shown in Figure [I] others cal-
culate the value of a certain capacity of DG. Figure
shows these results as well as results from some other
papers converted to similar units.

Figure [T and Figure 2] show that there is a wide range
of results available in the literature, due to the scenar-
ios analysed and the assumptions used in each analy-
sis. Figure [I] and Figure 2] for example, highlight that
within one paper, a range is seen in accordance with the
amount of time an asset investment could be delayed
due to a DG capacity. This study also differentiates
between the value of deferring different network assets
by stating that delaying investments into lines and feed-

ers has a far higher value than delaying investment into
transformers and substations [27].

Most studies that address electricity networks discuss
the LCA of generating technologies rather than the net-
work assets themselves. Some incorporate network as-
sets and losses as part of assessing generation technolo-
gies [28 29] but it is only [30] that focuses on the em-
bodied emissions of network assets. The study is based
on the GB transmission network and calculates total em-
bodied carbon of a range of different assets. The embod-
ied carbon for overhead lines (OHL) and underground
cables (UGC) are used in the forming proxies for the
GB network in this paper.

3. Network Investment to Carbon Proxies

3.1. Method and Approach

Proxies are developed for the GB system. The high
voltage electricity network is operated by the SO (Na-
tional Grid Electricity Transmission plc) and the low
voltage network is operated by 14 licensed DNOs each
responsible for a regional distribution area, as shown in
Table The SO and DNOs are natural monopolies
regulated by the Office for Gas and Electricity Markets
(Ofgem).

The investment period used for the development of
the proxies is the price control period, RIIO-ED1 (for
Distribution) and RIIO-T1 (for Transmission), which
both cover an 8 year period from 1 April 2015 to
31March 2023. This price control period is the first us-
ing the new RIIO framework, which has been designed
to address the future network challenges. RIIO stands
for Revenue = Incentives + Innovation + Output and
it sets out financial incentives to encourage innovation
and meet future social and environmental challenges at
a fair cost to consumers.

As part of the RIIO process network operators are
required to submit detailed and well justified business
plans of their strategy for that period to Ofgem which
meet the RIIO objectives. Ofgem then scrutinises these
plans through a transparent consultation process [31]].
This level of detail and transparency provides a robust
source of data on network growth, cost and predicted
demand.

Two approaches are used in this paper to calculate
proxies. Ofgem regulate the spending of the GB DNOs
and SO and publish a maximum allowable spend per
unit of network asset based on information provided by
DNOs and the SO [32| [33]]. The first proxy method
uses the allowable investment per km of new cable com-
bined with carbon data from [30], and the second proxy



Table 1: Distribution Network Operators in Great Britain

Region DNO Name

10 Eastern Power Networks

11 Western Power -East Midlands

12 London Power Networks

13 Scottish Power Manweb

14 Western Power - West Midlands
15 Northern Power Grid (North East)
16 Electricity North West

17 Scottish Hydro

18 Scottish Power Distribution

19 South Eastern Power Networks
20 Southern Electric Power Distribution
21 Western Power - South Wales

22 Western Power - South West

23 Northern Power Grid (Yorkshire)

method uses total investment data from the RIIO-ED1
period and the new cable requirements over the same
period. For the Transmission Network, only the first
method can be used due to currently available data. For
the Distribution Network, both methods can be used in
order to calculate two separate proxies for comparison.
The second method may overestimate the associated
carbon due to the fact that investment may not solely
be for network assets but could be used where the exact
cost of upgraded assets is unknown. Initially the model
is a tool for SO and DNO to assess the impacts of their
asset investment on their carbon reporting. The proxies
are applied to investment data from RIIO-ED1/RIIO-T1
and peak demand data from the same period. This es-
timates the embodied carbon associated with the new
network assets required during this investment period.

Figure [3] highlights the data flows for each method
showing that investment data, new cable requirements
and embodied carbon of the assets is required for one
method, but only the embodied carbon and publically
available allowable investment data is required for the
second. Although the first method has one additional
calculation step, it is more likely that the investment
data can be used to aggregate the investment into dif-
ferent asset types across a DNO region. Embodied Car-
bon, as referenced in Figure 3|covers many components
of the environmental impact associated with network
investment including construction, maintenance, oper-
ation and decommissioning, as taken from Harrison’s
work [30]. However, the method used in this paper does
not include some impacts of network investment. Net-
work upgrades, for example, are difficult to quantify and

information regarding their cost and extent is not pub-
licly available. As the scope of this study is to establish
a method to create a replicable proxy, addition of this
data would be inappropriate.

New Cable RIIOED1
Requirements Investment
{km) (£)
Component Embodied Allowable
Calculation Carbon Investment
(£/l|<m) (k‘g/krr‘\) (£/l|<m)

Proxy kg/f Proxy kg/f
Method 1 Method 2

Figure 3: Data Flows using Predicted Investment and Allowable In-
vestment

3.2. Transmission Network Calculations

Table 2: Average Carbon Intensities of Transmission Network Assets

Asset  tCO, TSO length  Carbon Intensity
(km) tCO,/km

OHL 2600000 22670 [30] 114.69

UGC 700000 887 [30] 789.18

Table 3: Allowable Costs per Unit of Transmission Network Asset

Asset type Unit

Overhead Line km
Underground Cable km

Cost per Unit

£1,200,000 [32]
£16,400,000 [32]

Carbon and asset data from [30] is used to calculate
an average carbon intensity for each type of cable which
are shown in Table[2] This is an average across all types
of cable although different voltage levels do require dif-
ferent material and therefore have different embodied
carbon impacts. In order to calculate a proxy that can
be used, investment per unit is required. The SO is sub-
ject to a Price Control Review and asset investment data
is provided by Ofgem. The allowable OHL Investment
per unit is given in the most recent review and shown in
Table 3] [32].

Although at SO level, asset data for transformers and
substations is available, they are not included because
of the difficulty in comparing non similar units and in
order to keep the method consistent with the Dx proxy.



OHL and UGC are considered internally similar - de-
spite different voltage levels having different material
and construction requirements. However, this proxy is
supposed to be used as a guide and therefore an average
for each cable type is used.

By definition, an emissions proxy as used in this pa-
per is the ratio of the carbon intensity of an asset to the
cost of an asset. This emissions proxy, on the simplest
level, could be calculated using averages or estimates
across a whole network - either transmission level or
distribution level. However, it is more suitable to define
proxy components for different network asset types be-
cause the carbon intensities and costs vary for different
assets and therefore to calculate an average Tx Emis-
sions Proxy, Equation [I] and Equation [2] must be used
to calculate a component for the proxy from each asset.
Equation[TJand Equation2]are used for Method 1, which
uses an asset cost. The cost is defined as an investment
intensity - a cost per unit length of asset. When applying
data from Table [2 and Table [3|to Equation [T]and Equa-
tion[2] a proxy for the OHL and UGC can be calculated
and these are then combined in the ratio of asset data
in Table [2) using Equation [3|to give an overall average
proxy for the Tx level, shown in Table 4]

OHLco,
PC, = — 1
OHL = GHTor (D
Int
PCyge = —2 ()
Intgpp

EP;. = PConrLonrrx + PCyccLycersx 3)
! Lourrx + Lugerx

Table 4: Transmission Network Proxy

Asset type Carbon Proxy
(kg/f)

Transmission OHL 0.10

UGC 0.05

Transmission Network
(96/4 split OHL/UGC) 0.09

3.3. Distribution Network Calculations

Initially, the embodied carbon of the assets currently
owned and operated by each DNO region is calculated
and shown in Figure d].

Embodied Carbon of Current Network Assets (Tonnes CO2eq)

10 11 12 13 14 15 16 17 18 19 20 21 22 23
DNC Region

Figure 4: Estimated Embodied Emissions of Current Distribution Net-
work Assets

Table 5: Allowable Investment per Unit Distribution Network Assets

Asset type Unit  Cost per Unit
Low Voltage

Distribution Main UGC km £98.,400

Low Voltage

Distribution OHL Rebuild km  £28,400

The allowable investment data is used to calculate the
proxy using Method 1 with the same approach as the Tx
proxies. Asset investment costs are approved by Ofgem
on a regular basis. The costs for each unit of DNO asset
during RIIO-ED1 are taken from Ofgem and are shown
in Table [5 (£/km). The Tx carbon intensities (kg/km)
from [34]] are then used to create proxy components for
UGC and OHL using the same method as for the Tx
proxy components shown in Equation|l{and Equation
. These are combined in the ratio of the UGC/OHL for
each DNO, in the same approach as with the Tx Proxy
shown in Equation 3| to give proxies for each network
asset type as shown in Table [6] An average proxy for
the whole GB Distribution Network has also been cal-
culated using the ratio in the average split of the DNO
assets across GB shown in Equation [d] . The results,
shown in Table [6] shows that the ratio of assets impacts
the overall DNO proxy, as the proxy components for
each asset vary significantly.

EPp, = PConrLonipx + PCyccLucepx @)
Dyl =
* Lonipx + Lucepx

For comparison, the same proxy can also be calcu-



Table 6: Proxies for Distribution Asset Types and a Distribution Wide
Proxy

Proxy Description Carbon Proxy
(kg/%)
Low Voltage Main UGC 4.04

Low Voltage Main OHL Rebuild 8.02
Distribution Network
(based on 330HL/66UGC split)  6.63

lated using Method 2 - using new cable requirements
and published investment over the RIIO-ED1 period.
Asset data is taken from the DNO region RIIO-ED1
business plans, along with other documents published
by DNOs and is shown in Table [/} Due to the varying
nature of data provision, only OHL and UGC are shown
as the data for transformers and substations is incom-
plete.

Electricity North West published the new require-
ments for cable investment between 2010 and 2015
[35]. These are used to calculate the annual asset re-
quirements for the other DNOs based on the assump-
tion that the Electricity North West data is representa-
tive of new annual asset requirements as a percentage of
existing assets. The estimated new cable requirements
over the RIIO-ED1 period are extrapolated from the es-
timated DNO annual asset requirements as shown in Ta-
ble[7] based on data made available by the DNOs [36-
47].

Table 7: DNO Asset Data and Estimated New Asset Requirements

DNO OHL UGC NewOHL New UGC

required required
(km)  (km)  (km) (km)

10 34000 62000 2877 282
11 22000 50000 1862 227
12 0 36000 O 164
13 18286 29714 1547 135
14 24000 40000 2031 182
15 14800 25800 1252 117
16 13000 44000 1100 200
17 16251 31497 1375 143
18 21714 35286 1837 160
19 12000 40000 1015 182
20 27173 49626 2299 226
21 18000 17000 1523 77

22 28000 22000 2369 100
23 13400 39800 1134 181

Table 8: DNO Investment Data from RIIO-ED1 Period

DNO Investment Load Annual
Total Related Load
Total Investment Investment
(£EM) (£EM) (£EM)
10 1500 900 112.5
11 854.5 267.2 334
12 1300 700 87.50
13 1069.1 213.3 26.66
14 862.2 198 24.75
15 458.7 184.3 23.04
16 1219 899 112.38
17 415.3 140 17.5
18 705.7 145.2 18.15
19 1000 400 50.0
20 1005.2 297.4 37.18
21 445.5 48.6 6.08
22 659.8 84.7 10.59
23 736 322.6 40.33

Each DNO has published a business plan for the
RIIO-ED1 period of 2015-2023. Investment data from
these plans for each DNO region are shown in Table [§]
Also shown in Table[8]is the calculated annual load in-
vestment during this period. This calculation assumes
that the investment is shared evenly each year through-
out the RIIO-ED1 period and assumes that load invest-
ment is investment in cables, pylons and transformers.
This data highlights the difference in DNO regions with
a range of annual load investment. Data from Table
and Table[8|can then be multiplied by the Tx carbon in-
tensities from [30] to give annual embodied emissions
of investment and the generalised proxy is developed
by combining with annual load related investment as
shown in Equations [5] [6] and [7] Regional Proxies are
then calculated according to Method 1 and Method 2
and these results are shown in Table[9in order to com-
pare the two methods. Table [J also highlights the re-
gional dependency of the proxies, due to the differing
composition and operation of each DNO region.

Lonrpx

EPp,, = (PConr2 + PCycc2) (5)

Loripx + Luceps

NCRoprOHLGpp
PC = 6
otz LRIrrroEDI ©



NCRyGcUGCgpp
PC = 7
vee LRIRii0ED1 @

Table 9: DNO Specific Proxies for Finance to Carbon

DNO Proxy Method 1 Proxy Method 2
(kg/£) (kg/£)
10 6.61 491
11 6.80 11.76
12 8.02 1.48
13 6.50 10.65
14 6.53 15.21
15 6.57 10.25
16 7.11 2.53
17 6.66 15.47
18 6.50 18.58
19 7.10 5.20
20 6.61 11.88
21 5.97 38.79
22 5.79 33.12
23 7.02 6.77

Calculating individual DNO proxies allows for the
fact that DNO regions need to invest differently depend-
ing on the age and nature of their assets. It does not al-
low for geographic differences within the DNO region
where the values could be much higher or much lower.
In some recently upgraded areas or DNO regions, in-
vestment could be less, as the network may already be
designed to account for increase in peak demand in pre-
vious upgrades. It is for this reason that the proxies are
not suitable for calculating the impact of a single DG or
DSM project, because the network at a very local scale
will be misrepresented by the average factors across the
region.

4. Application of Proxies for Embodied Carbon

4.1. Transmission Network

For the transmission network the proxy has been used
to calculate the level of embodied carbon associated
with the load related investment due over the RIIO-T1
period. The load related investment between 2015 and
2023 is estimated at £4,859,300,000. This investment
figure and the proxy found in Table [ are applied to
Equation [§] to show that the embodied carbon associ-
ated with the investment during the RIIO-T1 8 year pe-
riod is 456.3 mT CO,, which will be compared against
the Distribution level results in the next section.

EEr, = Igjjor<EPrx (8)

4.2. Distribution Network

There are two applications of the proxies; the first
is a basic application of the proxy to the annual load
investment. If the investment is known then Equation 9]
can be used.

EEp, = Iriiop<EPpx 9

If no investment data is known, the method of cal-
culating the embodied emissions depends on the data
available. The investment can be calculated by apply-
ing the Investment Allowance [33] to required network
asset replacements for a given period as shown in Equa-
tion[TI0] The investment could also be calculated using
the increase in peak demand over a given period, com-
bined with the calculated Dx Investment Proxy, calcu-
lated as in Equation[T1]

Iri1opx1 = NCRou1 OHLGpp+ NCRygcUGCgpp (10)

Irii0px2 = APDp IPp, (11)
LRIRii0px

IPp, = ——— 12

D APDp, (12)

The Dx Investment Proxy is calculated using Equa-
tion|12|and gives the amount of investment required for
each MW increase in peak demand and the calculated
proxy for each DNO is given in Table[I0] along with the
data used to calculate them from the RIIO-ED1 business
plans. For the RIIO-ED1 period these methods provide
the same results because the data used for calculating
the investment factor and the emissions factor is for the
RIIO-ED1 period.

This investment proxy can now be applied over any
period of time, and can be used to assess future scenar-
ios to determine the impact that projects such as DSM
or DG will have on embodied carbon due to network
investment.

As with previous calculations, linear investment
through the RIIO-EDI investment period is assumed.
Where data is unavailable for peak demand in 2023,
an average percentage increase of 7.3% is applied from
other DNO data. Where data is unavailable for 2015
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Figure 5: Embodied Emissions of RIIOED-1 Investment

Table 10: DNO Investment and Demand Data and Calculated Invest-
ment Proxies

DNO Annual Load Increasein Investment
Investment Peak Proxy
(£EM) (MW) (£/MW)
10 112.5 528 1704545
11 334 390 684449
12 87.5 546 1282051
13 26.7 338 631065
14 24.8 224 883463
15 23.0
16 112.4 156 5778430
17 17.5
18 18.2 552 263043
19 50.0 135 2962963
20 372
21 6.1 116 418233
22 10.6 267 317194
23 40.3

and 2023, as is the case for four DNO regions, the table
is left blank and no additional calculations are carried
out. In the cases where data is available, Equation [9] is
applied to calculate the embodied emissions associated
with the investment by each DNO made throughout the
RIIO-ED1 period. The results, shown in Figure[5] range
from less than 1000 TCO, to over 10000 TCO, which
highlights the importance of looking at the problem by
each DNO region.

5. Application of Proxies for Investment Scenarios

5.1. Investment Options Available

The Distribution level calculations shown in the pa-
per so far are used to show an initial calculation of the
embodied carbon associated with a period of network
asset investment. However, in future it would be useful
for DNOs to be able to use the proxies to assess the dif-
fering impacts of a range of strategies to either reinforce
the network or reduce peak demand before investments
are made.

One of the main alternatives to investment in network
upgrades is to reduce the peak demand. Either the peak
demand is reduced to avoid network investment, or the
peak demand growth is slowed to defer network invest-
ment. At Tx or Dx level, the main options are to run DG
technologies at peak times, or to reduce load with DSM
measures with consumers.

Many of the DG units already installed are standby
generators (SG). Therefore the impact of carbon is an
important factor for owners of these units, who are of-
ten not the distribution utilities, particularly in the GB
market. Looking forward, this factor will be particu-
larly true as these SG units may be formally contracted
capacity for the System Operator (SO). Although SG
units are not recognized as generation in the GB sys-
tem in the SO Ten Year Statement [48], they do play
a role in the network through ancillary services such as
Short Term Operating Reserve (STOR), where they con-
tribute 0.5GW of the capacity for this ancillary service
[7]. In order to fully assess the carbon impacts, par-
ticularly of SG units, further model developments are
required to account for the operational carbon emitted
from the burning of fuel.

Currently, SG units would only be considered finan-
cially viable during times of peak demand, as signalled
by pricing for large electricity consumers and the case
study used here therefore assumes that SG units run at
times of peak demand. This is intended to provide con-
text for the applications of the proxies. In reality, the
future smart grid could change the way in which SG
units and other DG equipment is run and many scenar-
ios could be investigated further.

5.2. Initial Scenario Analysis

5.2.1. Operational Carbon

In order to calculate the embodied carbon impact of
any alternatives to network investment such as DG or
DSM, the operational carbon impact of any DG or DSM
measure must be calculated for the run hours it is used



to support the network. For some forms of DG, op-
erational carbon can present a challenge for the own-
ers as is the case for diesel standby generators. For
other forms of DG,which may include CHP and renew-
able micro-generation,there may be little or negligible
operational carbon impacts for the DG owners. How-
ever, these other DG types may require new installa-
tion with an associated embodied carbon impact. The
study presented in the following sections looks at exist-
ing standby diesel generators and so the embodied car-
bon of the generator is therefore considered negligible
as the carbon has been previously emitted for a different
purpose (i.e. in case of power failure).

To calculate the operational emissions impact of run-
ning generators, Equations [[3|and [[4]are used. When
DG runs at peak times, less electricity is delivered from
the electricity grid by traditional means. Therefore, the
operational carbon is the difference between the local
emissions and the avoided electricity grid emissions.
The displaced grid emissions are calculated using grid
emissions factors, which account for the generating ca-
pacity running at the time. These grid emissions fac-
tors change throughout the time of day and time of year
depending on the demand and available generating ca-
pacity. In order to calculate the displaced emissions,
the emissions factor in Equation 14 should account for
the generation running at peak periods. However, this
Peak Emissions Factor (PEF) cannot always be calcu-
lated for grid systems and often Average Emissions Fac-
tors (AEF) are used. Because the PEF will be higher
than the AEF, the total operational carbon impact of run-
ning diesel generators cannot be truly known.

OEpg = CpgEFpGTpG (13)

DGE = CpgEFTpg (14)

5.2.2. Calculations

Electricity generation costs differ throughout the day
and year depending on the demand and the available
supply. These costs are reflected in electricity prices
for customers on a Half Hourly (HH) tariff. In Great
Britain (GB) there are a number of components that
contribute to the final electricity charge. These com-
ponents, including charges to account for the use of the
Transmission Network and Distribution Network vary
by time, season and region. The Distribution Use of
System (DUoS) charges are different at different times
of day, with three distinct time periods for each DNO

representing a different charging band; red, amber or
green. Electricity prices can treble during the peak red
DUoS period.

Table 11: Annual DNO Red DUoS Hours

DNO Red DUoS

(hr/yr)
10 780
11 780
12 1560
13 780
14 780
15 910
16 520
17 780
18 780
19 780
20 780
21 650
22 520
23 910

For an SG unit, this means the most profitable run-
ning schedule is to generate electricity during the Red
DUoS periods each day. These vary between DNOs and
a summary is shown in Table For the initial calcu-
lations, it is assumed that the DG is run in every Red
DUoS band period and therefore Table [T1] also repre-
sents the annual run hours of the DG.

To assess a study diesel generator, the DG Emissions
Factor is assumed to be 710kg/MWh, combining data
from the CRC Energy Efficiency Scheme Guidance [[11]
and standard fuel consumption charts for diesel gener-
ators. As the CRC Guidance is used to calculate DG
Emissions Factor, the Grid Emissions Factor from the
same document is used. For the initial investigation, it
is assumed that the SG unit is IMW in capacity. Equa-
tions [I3]and [T4] are applied and results are given in
Table[12] Table[T2]shows that if just operational carbon
is considered, SG units produce higher levels of emis-
sions than the grid emissions they displace annually.

In order to combine these operational impacts with
embodied carbon impacts, the annual results are ini-
tially applied across the eight year period spanned by
RIIO-ED1. Asset Embodied Carbon Saved will be
equivalent to the product of the DNO specific Carbon
Proxy (Table9), the DG capacity and the DNO specific
Investment Proxy (Table [I0). The results, in Table
show that the embodied carbon savings over the RIIO-
EDI1 period could outweigh the additional operational



Table 12: Standby Generator Operational Carbon Calculations

DNO Annual Annual Annual Net
DG Displaced Operational
Emissions  Grid Emissions Carbon
(tonnes) (tonnes) (tonnes)

10 553.8 405.6 148.2

11 553.8 405.6 148.2

12 1107.6 811.2 296.4

13 553.8 405.6 148.2

14 553.8 405.6 148.2

15 646.1 473.2 172.9

16 369.2 270.4 98.8

17 553.8 405.6 148.2

18 553.8 405.6 148.2

19 553.8 405.6 148.2

20 553.8 405.6 148.2

21 461.5 338.0 123.5

22 369.2 270.4 98.8

23 646.1 473.2 172.9

carbon emitted by the standby generators running dur-
ing the peak Red DUoS periods. The extent of this in
each DNO is shown in Figure [6]

Table 13: RIIO-ED1 Embodied Carbon and Operational Carbon Re-
sults

DNO Embodied Saved Net Operational
Carbon RIIO-ED1  Carbon RIIO-ED1
(tonnes) (tonnes)

10 11267.04 1185.6

11 4654.253 1185.6

12 10282.05 2371.2

13 4101.923 1185.6

14 5769.013 1185.6

15 0 1383.2

16 41084.64 790.4

17 0 1185.6

18 1709.78 1185.6

19 21037.04 1185.6

20 0 1185.6

21 2496.851 988

22 1836.553 790.4

23 0 1383.2
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Figure 6: RIIO-ED1 Net Carbon Savings

6. Discussion

It is important to quantify the carbon impact of net-
work investment and the potential impact of deferring
or avoiding investment in the network in order to ef-
fectively plan network investment strategies and DG
incentive schemes. Full life-cycle assessment is dif-
ficult and time consuming on a project-by-project ba-
sis and so there is a significant benefit to the use of a
proxy or emissions factor to estimate financial invest-
ment figures. The proxies differ depending on the ra-
tio between OHL and UGC as these represent differ-
ent costs and embodied carbon levels, which means that
regional proxies are useful to differentiate between re-
gions with higher proportions of OHL or UGC. In the
GB network, regional proxies are calculated by DNO
region, as shown in Table [9] as calculated by two pro-
posed methods.

It is assumed that the DG/DSM measures are oper-
ated over the peak demand period. In the current mar-
ket, this period is the most likely time that controllable
DG will operate, particularly if they are commercially
owned due to the inherent incentives offered in the elec-
tricity pricing structure. Non-controllable DG, for ex-
ample renewable micro-generation such as solar PV,
may not operate on a similar schedule. As the focus
of this work was SG units, it is a reasonable assumption
that the peak charging period covered the majority of
running hours of the DG units. However, if this model
were extended to account for other types of DG or to
look to the future where a smart grid may run DG units
at different times of the day, the contribution of the DG
to the DNO peak demand would need to be considered.

The proxy uses investment cost in the calculation



which is likely to vary over time and across different
economic areas therefore needs to be used carefully
when applied outside of the RIIO-ED1/RIIO-T1 invest-
ment period. Another consideration should be the level
of investment that is planned to occur over the RIIO-
ED1/RIIO-T1 investment period. RIIO is encouraging
investment, innovation and value for money to support
the low carbon system. Network companies in other
countries have different incentive structures and will
have different volumes of network investment require-
ments, which will affect the actual price/km cable which
will impact the proxies - meaning a proxy should be de-
veloped by region or country.

The approach and method developed in this paper can
be applied to other problems in identifying environmen-
tal impacts in the construction and other industries. The
method can also be applied to impacts other than em-
bodied carbon. For example, other air pollutants or even
operational carbon associated with electricity consump-
tion could be considered. Whilst these additional appli-
cations are outside the scope of this paper, the method
presented here provides a base for further research.

It is anticipated that the proxies developed here will
have a number of applications depending on the stake-
holder position and role. The proxies will also differ de-
pending on the regulatory or market pressures in place
relating to environmental reporting and any financial
implication associated with emitting carbon. For the
DNO, the proxies would make it possible to initially as-
sess the carbon impacts of different network investment
strategies. The proxies also make it possible to iden-
tify the impacts of DSM and DG projects in their DNO
region for DNO carbon reporting. As environmental
pressures grow for commercial organisations, DG own-
ers are increasingly required to assess and report their
emissions. Therefore, it is necessary to assess the en-
vironmental impact of using their DG before changing
the way in which they are run, for example, before en-
tering into contracts with the SO or DNO. In addition to
this, DG owners can be legally required to report their
carbon emissions and need to understand the impact of
their DG when discussing its operation in such reports.
For regulatory bodies such as Ofgem, being able to un-
derstand the life cycle carbon impacts of different as-
pects of the transition to a low carbon electricity supply
could assist in deciding policies and where to allocate
funding for DG or DSM projects.

7. Future Work

The model currently averages OHL and UGC, which
are the assets with the most accessible data about them.
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If extra data were available it would be possible to cre-
ate more detailed proxy components. The embodied
carbon data from [30]] could be used to include these
assets in the proxy calculations. To date, there is no car-
bon survey of DNO level assets and therefore Tx data
has been used in order to provide an initial calculation
as to embodied carbon impacts, and begin to show the
regional differences in these impacts within one elec-
tricity network. Initially, more data is needed in order
to include transformers, substations and other network
assets to improve the proxy components. Then, a car-
bon survey of the DNO assets should be carried out in
order to improve the embodied carbon proxy at a Dx
and regional level. It is possible that work being un-
dertaken by one of the DNOs in GB Electricity North
West, may possibly be applied in order to account for
the differences between Tx assets and Dx assets. This
work should be extended to include the impact of net-
work upgrades, which is a component not covered in
this study due to lack of available data.

The inclusion of operational carbon to the model
also brings the need to consider the different times at
which carbon is emitted. There is some discussion as
to whether the discount rate should be constant or ex-
ponential [49]]. Because the assumption of linear invest-
ment is used in the proxy calculations, the addition of
a time value for carbon at this stage of the calculations
would be unnecessary, but an important consideration
for further work.

8. Conclusion

Embodied carbon of network assets is not often con-
sidered when investigating network assets. Applying
embodied carbon analysis of network assets has shown
that each GB DNO region could account for between
15mTCO; and 50mTCO,, depending on DNO region,
as highlighted in Figure ] This paper develops and
applies two methods to develop regional proxies that
may be used to identify the total carbon impacts of dif-
ferent network investment strategies depending on the
available data for DNO, shown in Table[9]and SO level,
shown in Table[d] Method 1 uses allowable investment,
published by the regulator and Method 2 uses invest-
ment and new cable requirements as published by the
DNOs. Using these proxies, total carbon impacts can
be used to analyse the impacts of DSM and DG projects,
such as diesel standby generators. Diesel standby gener-
ators play a role in many electricity networks globally,
through support services provided in conjunction with
the SO. These diesel standby generators produce more



CO,; than other forms of generation, but may play a role
in the transition to a lower carbon electricity system.

By identifying regional DNO proxies for the GB mar-
ket over the RIIO-ED1 period shown in Table[9] this pa-
per has calculated the embodied carbon associated with
the planned investment in the GB market during this
investment period. Figure [5] shows the calculated em-
bodied carbon emissions of the RIIO-ED1 investment,
which have been shown to be as high as 10kTCO, in
one DNO region.

Proxies to convert financial investment or peak de-
mand increase to embodied carbon have been calcu-
lated by using the network investment data and asset
data publicly available for the GB System. The proxies
were different depending on the breakdown of network
assets as UGC and OHL represent different embodied
carbon amounts. These proxies were then applied to
both peak demand data and new investment data where
available. In both cases, the proxies allowed calcula-
tions of embodied carbon impacts throughout an invest-
ment planning period. The proxies were also applied in
cases where DG or DSM reduces maximum peak de-
mand and therefore this approach has enabled the im-
pact of DG on embodied carbon of the network to be
evaluated. It was demonstrated that this approach has
value when considering DG units that have local op-
erational emissions that can be a branding or financial
negative for the company who own the units.

The paper has explored these issues and applied the
proxies to the RIIO-ED1 8 year planning period to as-
sess the impact that an SG unit could have in the em-
bodied emissions of deferred network investment. The
paper has shown that in some DNO regions, the standby
generator operational emissions can be outweighed by
the embodied emissions savings by the reduction in net-
work investment. In some regions it is shown that a DG
unit could save 2300TCO; over the 8 year RIIO-EDI
planning period. By developing and applying a method
to estimate the embodied carbon associated with net-
work investment and its deferral, this paper addresses
an issue that has not yet been considered in other liter-
ature. The ability to estimate both operational and em-
bodied emissions together when considering electricity
networks is vital in quantifying the pathways to transi-
tion to a low carbon electricity supply.
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Nomenclature

APDp, Change in Peak Demand at Distribution

Level over RIIO-ED1 (kW)

AEF Average Emissions Factor

Cpg Distributed Generation Capacity (kW)

CRC Carbon Reduction Commitment

CSR Corporate Social Responsibility

DG Distributed Generation

DGE Displaced Grid Emissions (kg)

DNO Distribution Network Operator

DSM Demand Side Management

Dx Distribution Network

EEp, Distribution Network Embodied Emissions
due to RIIO-T1 Investment (kg)

EEr, Transmission Network Embodied Emis-
sions due to RIIO-T1 Investment (kg)

EFpc Distributed Generation Emissions Factor
(kg/kW)

EFg Grid Emissions Factor (kg/kW)

EPp,; Distribution Network Emissions Proxy
Method 1 (kg/£)

EPpo» Distribution Network Emissions Proxy
Method 2 (kg/£)

EPrp, Transmission Network Emissions Proxy
(ke/ £)

Ir110Dx1 RIIO-ED1 Investment Method 1 (£)

Ir110Dx2 RIIO-ED1 Investment Method 2 (£)

Iri107Tx RIIO-T1 Investment (£)

IPp, Distribution Network Investment Proxy
(£/kW)

Lonipx Length of Overhead Line in Distribution
Network (km)

LoHiTx Length of Overhead Line Network in Trans-
mission Network (km)

Lycepx Length of Underground Cable in Distribu-
tion Network (km)

Lycgerx Length of Underground Cable Network in
Transmission Network (km)

LCA Life Cycle Assessment

LRIg;j0ep1 RIIO-ED1 Load Related Investment (km)

NCRoppr RIIO-ED1 New Cable Requirements for
Overhead Lines (km)

NCRygc RIIO-ED1 New Cable Requirements for
Underground Cables (km)

OEpg Operational Emissions of Distributed Gen-
eration (kg)

OHL OVerhead Lines



OHLcp, Carbon Intensity for Overhead Lines
(kg/km)

OHLgpp Investment Intensity for Overhead Lines
(£/km)

PConur Asset Proxy Component for Overhead
Lines (£/kg)

PCyce Asset Proxy Component for Underground
Cables (£/kg)

PEF Peak Emissions Factor

SG Standby Generator

SO System Operator

Toc Run Hours of Distributed Generation (hr)

Tx Transmission Network

UuGc Underground Cables
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