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Abstract: The way of control and operation of an electrical power system has been changing rapidly
with the integration of renewable energy sources (RES). One of the emerging issues that require
addressing is the capability of RES to participate in the restoration process upon a total or partial
system failure. However, with the continuous shutdown of large-centralised generators, which
traditionally provided the black start support together with the variability of RES, the restoration
process becomes much more complex. Primarily, the RES should have enough capacity to energise the
load at the time of the restoration. Nonetheless, due to significant advantages, there is an increasing
trend to use RES to meet the local energy demand by large industrial customers. The flexibility
of shifting loads together with the surplus of RE generation could support the system operator
during the system energisation process after a blackout. This paper mainly focuses on identifying the
capabilities and factors that should be accounted for to participate in the system restoration process
by large industrial consumers. The case study conducted on a large-scale steel factory in the UK
reveals the possibility of supporting the restoration process under the bottom-up approach.
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1. Introduction

The depletion of fossil-fuel resources together with adverse climate effects has given
rise to the move to cleaner and greener energy resources over the past few decades. This
has been further incentivised by different policy goals introduced by nations around the
world to reduce their carbon footprint. For instance, the UK’s ambitious target to become
net-zero by 2050 and the decarbonisation pathways to a net-zero in European Union (EU)
reducing the EU’s emissions by 55% by 2030 are notable [1,2].

Together with the growth of industrial and residential energy demand, existing distri-
bution networks experience different sets of challenges [3]. For instance, the congestion of
distribution networks and unbalanced conditions of the three-phase AC network. These
issues may result in system instability and force distribution network operators to expand
and reinforce their grid infrastructures. Thus, integrating distributed energy resources
(DERs) can help to improve system efficiency, reliability, and resiliency [4]. Among the most
widely installed inverter-based DERs, solar PV and onshore wind power plants (Type-4)
are traditionally designed to operate under grid-following mode [5]. In this mode, the
inverter is controlled as a current source and the frequency is set by phase-locking to the
existing grid [6]. However, an essential feature of grid-connected inverters to support
system restoration is the capability to act as an anchor generator (i.e., to operate as a
voltage source) [7].

The capability to provide black start service from these inverter-based DERs has been
extensively investigated in the literature. In [8], a decentralised control system for the black
start of wind energy conversion systems was proposed in which the total wind power is
regulated to match the demand during the black start process. An optimisation method to
enhance the efficiency of system restoration using solar PV was proposed in [9]. In [10], it
was demonstrated that the use of a battery energy storage system (BESS) coupled with a
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solar PV system can be used to support the system restoration process. The use of BESS
will help minimise the intermittent nature of solar PV and improves the resilience of solar
PV to participate as a black start provider. Further, the ongoing work by several leading
industries on grid-forming controls to allow wind and solar inverters to form voltage
and frequency levels like traditional generators is notable [11–13]. However, continuous
research and development are essential to uplift the technology readiness level of the black
start capability of these DERs.

Upon a blackout, the electricity network should re-energise in a timely and orderly
manner. For instance, as defined by the GB National Grid Electricity System Operator
(ESO), the black start is “the procedure uses to restore power in the event of a total or partial
shutdown of the national electricity transmission system” [14]. The expected requirements
to meet by the black start provider are (a) the ability to start up the main generating plant
of the station from shutdown without the use of external power supplies, (b) the capability
to accept instantaneous loading of demand blocks and control frequency and voltage
levels within acceptable limits, (c) facilities to ensure that all generating units can be safely
shutdown without the need for external supplies, and (d) the reactive capability to charge
the immediate transmission and/or distribution systems.

All the above four requirements can only be provided by synchronous generators
and there is currently a top-down (transmission-led) approach of starting large generators
and energising a section of the transmission network. To date, this has been provided by
coal- or gas-fired generation, with support from hydro and pumped-storage and biomass
plants [15]. However, with a decreased number of traditional providers, it is necessary to
identify technical capabilities from other non-conventional generating sources to participate
in the system restoration process. Further, the revision of the conventional restoration
process, which is based on the top-down approach (first energise the transmission lines
and then energise the medium voltage distribution system) is necessary.

Even though the probability of occurrence of a total system failure is very low, it can
happen at any time of the day throughout the year. The rapid integration of DERs presents
an opportunity to develop a novel and innovative approach to the system restoration
process. As energy systems continue to decarbonise and decentralise, innovative projects
such as the Distributed ReStart, which looks at how DERs can be used to restore power in
the GB electricity transmission system, are important [16].

The Distributed ReStart project is made up of five workstreams; (a) organisational
systems and telecommunications, (b) power engineering and trials, (c) procurement and
compliance, (d) project direction, and (e) knowledge dissemination workstreams. The first
three workstreams cover the technical issues to enable black start services from DERs. The
outcome of this project helps to identify the competencies of these generation technologies
in terms of shutdown resilience, black start performance, and restoration capabilities [17].
However, the flexibility of large industrial prosumers to provide black start support has
not been considered in this project.

Given the shortcomings found in the work published in open literature, this paper
aims at fulfilling two main research gaps; (a) investigate the flexibility of large industrial
consumers with reference to a steel production plant with a 90 MW peak load. (b) identify
the qualitative and quantitative factors that need to be accounted for by large industrial
consumers to participate in future black start services.

2. Opportunities for Emerging Generation Technologies

At present, a majority of the large industrial facilities are equipped with standby diesel
generators to supply electricity to critical plant processes upon the loss of grid infeed.
However, the capability of adjusting plant processes (flexibility of loads) provides the
opportunity to participate in the demand response program with additional resources
installed at the site. The main objective of this section is to identify the capabilities of large
industrial plants to support the system restoration process upon total or partial system
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failure. As discussed in [18], when incorporating DERs for system restoration, there are
two main obstacles that require addressing.

1. The firmness of Availability—The intermittent nature of renewable energy sources
makes it difficult to guarantee the energy/power it can provide at any time of the day
irrespective of the season.

2. Size and Location of Assets—The current Black Start Service option of Great Britain
requires that the asset can energise in block sizes of 50 MW, for Distribution Network
Operators (DNOs) to be able to reconnect blocks of load. Only the generating sources
connected to the transmission voltage levels can provide this service at present. Since
there is a considerable amount of DERs connected to the medium voltage distribution
network, existing requirements are also a barrier to serving as a Black Start provider.

However, the benefits of DERs are that they provide an alternative to traditional large
generators and could reduce the costs associated with large generator readiness. Increased
participation from DERs is also necessary for the bottom-up or hybrid (a mix of both top-
down and bottom-up) approach as traditional larger thermal plants are almost no longer
in service.

2.1. Opportunities for Emerging Generation Technologies (Synchronous and Non-Synchronous) to
Participate in Black Start Services

In this section, we aim to identify the capabilities of emerging generator technolo-
gies that can participate in the system restoration process. Here, emerging generation
technologies are defined as generation resources that have been not used for Black Start
in the past such as coal-fired generation, large-scale diesel, and gas-fired generation fa-
cilities. The technologies of interest are small-scale wind (<30 MW), Commercial PV
(≤10 MW), small-scale waste- and natural-gas plants, and battery storage systems. In
general, the above-mentioned DERs are used to supply energy to in-house production
processes economically. However, following a system outage, if these DERs can support
the system restoration process it will be advantageous for both the plant owner as well
as the ESO. Under the assumption that the industrial plant is capable of supporting the
system restoration, the technical capabilities of DER technologies are reviewed as shown
in Figure 1.
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• Small scale wind plants:

Most of the commercially available small-scale onshore wind turbines (WT) are of
Type-3 variable speed with partial scale power electronics converters (also known as a
doubly-fed induction generator, i.e., DFIG) or Type-4 direct-in-line variable speed wind
turbine with a full-scale power converter.

The main drawback of the DFIG is its requirement of external power for energisation
making it incapable of acting as an anchor generator to create a power island. A novel grid
forming control for DFIG to participate in the Black Start procedure is proposed in [19]. It
mainly considers the ability to control voltage and frequency in the islanded system after
a blackout. As the DFIG loses its support of voltage and frequency from the main grid,
the traditional vector control that acts as a current source no longer satisfies grid needs,
thus a control strategy that provides voltage and frequency support is needed. In [20], an
improved virtual synchronous control strategy of a DFIG is proposed to achieve Black Start
and stand-alone operation at a low voltage level with wind energy.

In general, WTs are equipped with an internal power supply, which also includes
small energy storage, like an uninterruptible power supply (UPS), which can help the WT
to supply critical components. However, large industrial plants are normally equipped
with backup generators (diesel), and it only requires a fraction of the WT’s rated power
to start up. Otherwise, an electrical energy storage system has the potential to provide
the power to start a WT. Further, a firmware change of the grid-forming inverter is also a
feasible option to unlock this capability in the future [21]. Below are some of the technical
constraints, which need to be considered further to participate in a system restoration
process by WTs.

(i) Reactive Power: Reactive power support capability will depend on the wind turbine
technology (Type-4 full-scale inverter typically has the best capability) as well as the
availability of additional reactive power compensation equipment installed at a site.
Small-scale wind farms have the capability to provide reactive power service on a
small scale.

(ii) Frequency Control: The grid-decoupled nature of both DFIG and fully converter-
fed synchronous generators (electrically excited or permanent magnet) deployed
in modern wind farms implies a very low contribution to network inertia in the
conventional sense. Associated voltage and frequency control will be dependent on
the technology of the wind farm-to-grid connection and the availability of compatible
control algorithms. In terms of frequency control, this will also depend on the available
wind resource since low wind conditions will limit the capacity of the wind farm to
ramp up the active power supply [21].

(iii) Availability and Intermittency: Wind resource is intermittent and may not be available
or sufficient for a Black Start demand at such times as it is needed. For a given wind
speed, however, it has the capability to control the output of a wind turbine. Wind
power intermittency can be mitigated by different technological solutions. Energy
storage is the most prevalent wind power intermittency mitigation approach. High-
accuracy wind speed and wind power forecasting methods can also be utilised to
reduce the impact of intermittency.

Further, in the grid-forming mode, the control of the WT converter while operating as
a voltage source during the process of creating a power island could be challenging. This
is due to situations where step changes in active and reactive power (up/down) are due
to the connection/disconnection of auxiliary loads. Further, if the blackout occurs during
grid export mode, the self-sustaining capability of WTs is an important fact to consider.

• Solar PV:

Owing to higher efficiency, reliability, and faster dynamic response of the voltage
source inverter (VSI) technology (compared to current source inverter technology) has
proven to be more suitable in commercial-scale solar PV applications, such as steel- and
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glass-manufacturing industries. Applications of modern DERs introduce new require-
ments of high-quality electric power, flexibility, and reliability. It is worth noting that
some additional electrical connection arrangements are required when PV systems supply
energy to the in-house production process and intend to serve as a Black Start supporting
generation unit.

In general, conventional PV systems are interfaced by grid-connected inverters, which
fail to support the grid and participate in ancillary services provided by typical synchronous
generators such as frequency regulation. Most solar PV connections are made through
a grid-following inverter, which is not able to produce its voltage signal to energise a
network, instead of latching on to a pre-existing voltage signal. However, using the virtual
synchronous generator (VSG) technology, it is possible to support the grid during the
system restoration [22]. Compared with the conventional PV system, the grid-supporting
PV system, behaving as an inertial voltage source like synchronous generators, has the
capability of participating in frequency regulation and providing inertia.

Availability to provide Black Start service from solar PV is limited to daylight only.
Depending on weather conditions, including climatic concerns for GB, solar power coupled
with energy storage or diesel generation can be designed to provide night-time emergency
power. The bottom-up restoration requires some form of energy storage or backup gen-
eration to mitigate weather intermittency as well. The ability to cater to reactive power
requirements from solar PV is dependent on the converter subsystem. Inverters have
reactive power management capability and are able to supply or absorb reactive power,
usually up to a 0.8 power factor. However, the specified 100 MVar margin is not achievable
by a single site or any DER sites. With proper coordination and control with nearby Black
Start generating units, this is achievable.

Most grid-connected loads such as water pumps, washing machines, dishwashers,
heat pumps, etc. fall under the category of inductive loads. During the energisation, these
loads are encountered which can result in large transient inrush currents (typically six to
eight times the rated current), which the typical solar PV inverter is unlikely to be able to
provide [23]. This phenomenon should be investigated in detail if solar PV systems intend
to participate as primary Black Start providers.

• Small Scale Waste and Natural Gas Plants:

A majority of large industrial plants usually have onsite generators to improve energy
efficiency and reduce energy costs. Part of these onsite generators mainly consumes the
waste gas/heat produced by the production processes. For example, in a steelmaking plant,
the waste gases from production processes are primarily used to feed into processes such
as coke ovens. The rest of the waste gases could feed into boilers to produce steam or other
products such as renewable liquid fuels [24]. Waste- and natural-gas units both use a steam
turbine, from burning waste and evaporating liquid air, respectively, and they are required
to operate with a minimum threshold value without rapid start-up and shut-down.

As these plants are synchronous generators, they inherently have the capability to be
grid-forming as they are rotating machines [21]. These generators are capable of controlling
frequency and voltage levels. Hence, they can form a Power Island and therefore, be able
to rely on their on-site backup generation to energise the starting procedures as well as
communicate with the system operator.

• Energy Storage Systems:

The introduction of REs is one of the primary drivers behind the interest in energy
storage systems (ESS). It is considered one of the most suitable options to provide energy
system flexibility, and it can generally be deployed quickly and modularly when and
where flexibility is needed. At the utility level, energy storage is also important for energy
management, frequency regulation, peak shaving, load levelling, seasonal storage, and
standby generation during a fault. In [25], it has shown that large industrial sites (grid-
connected, weak grid, or off-grid) can gain benefits economically, environmentally, and
operationally if ESS are utilised.
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The electrical energy storage system can be mainly categorised into five sections [26]:
mechanical, electrochemical, electrical, chemical, and thermal as shown in Figure 2. Com-
pared with conventional energy storage methods, battery technologies are desirable en-
ergy storage devices for large-scale electrical energy storage. Unlike conventional energy
storage approaches (e.g., pumped hydroelectric power, compressed air energy storage,
thermal energy storage), BESS are promising candidates for large scale applications such as
industrial plants.
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In [27], it has successfully demonstrated the use of a BESS to provide a Black Start,
firing up a combined cycle gas turbine from an idle state. This is one of the most recent
examples to showcase the capability of BESS to create power islands. Further, ESS can
provide different services, which have different user-specific values. TSO and DNO could
use storage for the deferral of network expansion, to manage grid congestion, or for the
provision of ancillary services to maintain system stability (voltage support in weak grids,
fast frequency response (FFR), black-Start capability) [26].

Large industrial sites could use ESS together with wind, solar PV, or other intermittent
DERs to provide the firm capacity to the grid when they participate in demand response
programs. Additionally, a wider range of ancillary services such as frequency containment
reserve (FCR), Frequency restoration reserve (FRR), FFR, and reactive power can also
be provided using BESS. Deploying a suitable storage technology is beneficial to meet
in-house energy demand as well as to support system energisation as a primary restoration
provider. Further, different vendors [25,28] now come up with different commercial-scale
BESS solutions ranging from DERs capacity firming, load shifting, and Black Start, to
frequency regulation.

2.2. The Advantages of Co-Locating Different DER Resources (Hybrid Systems)

Co-location refers to connecting a wind, solar PV farm, etc., and energy storage at
the same grid node (also known as the point of common coupling). In this case, the asset
owner requires to comply with a set of connection requirements (grid code) covering the
capabilities and functionalities of the combined facility. In this study, we focus on the
services that can be provided by large industrial sites with on-site wind and solar PV
farms; particularly related to Black Start support capability. It is important to note that
these services can be combined to increase the value of the storage assets under co-location.
Further, it can be identified that Black Start is one of the ancillary services out of many
which can be provided when co-locating DERs.

Table 1 presents an overview of electricity storage services, classified into ancillary
services, energy time shift, and grid adequacy. Each of the services can help with the better
functioning of the network across various markets and mechanisms. Co-located BESS and
DERs can also be used to reduce imbalances, which are caused by wind and PV forecasting
errors. Reducing imbalances might prove economic benefits with a high level of accuracy
(e.g., response to demand request), or prevent paying high penalties associated with non-
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compliances [26]. Further, combined BESS, wind, and solar PV can be used to control
reactive power and thus manage system voltage during network restoration. However,
their capacity for providing reactive power at times of high load and low resources (wind,
sun) is limited since the occurrence of system failures are highly unpredictable. However,
this can create an incentive to deploy distributed storage, which is perfectly suited to
provide voltage control.

Table 1. Services of electricity storage and its potential value for co-location.

Category of Service Services of Electricity Storage Size Potential Value of Co-Location Type of Market

Ancillary Services

Frequency reserves Small High Fast frequency response, synthetic inertia

Voltage control Small High Reactive power

Black-Start Large/Small High/Medium Ancillary services

Energy Time Shift Self-consumption Small Low Day-ahead market, Intra-day market

Grid Adequacy

Curtailment/Reduction of congestion Small High Balancing/redispatch mechanism

Ramping control/smoothing Small High New Market opportunity

Capacity firming/Imbalance reduction Small High Balancing, Frequency reserves

3. Black Start Support Capability from Large Industrial Consumers

In Section 2, we have broadly discussed the opportunities and capabilities of emerging
DER resources to participate in the Black Start service, which can be installed at large
industrial facilities. In general, any commercial/domestic customer always attempts to
avoid high electricity bills. This is equally valid for large industrial plants, which look for
low-cost alternative energy sources to supply their demand with minimum grid import.

As highlighted in [29], the ability of emerging DER technologies to act as grid forming
(anchor) generator is essential. In this regard, voltage and frequency control capabilities,
as well as reactive power capability of these resources should be evaluated. As discussed
in Section 2, BESS is capable of establishing an independent voltage source. However, in
an industrial plant, BESS is used for different purposes and the state-of-charge (SoC) of
the BESS plays a critical role when system energisation initiates. Therefore, relying on a
single anchor generator could have adverse effects on system restoration time even though
the technology readiness level of such sources is higher. Further, other synchronous DER
generators such as waste- and natural-gas plants can be combined with BESS to minimise
this risk. Since all of these DER resources are co-located, the industrial sites are capable
of participating as a primary Black Start provider with comparatively lower risk than
individual resources. In contrast, solar PV and Wind (Type-4) generators can participate as
secondary restoration providers without using new grid-forming inverters.

Although most grid-connected DER facilities are unmanned, large industrial plants
operate 24 × 7 with active human interference. Therefore, within a short period of time,
the plant maintenance crew could attend to the in-house DER facilities’ technical issues.

This is another advantage of involving industrial plants in the bottom-up system
restoration process. Communication and control resilience is another key feature to con-
sider in the bottom-up system restoration process. Following the loss of communications
and control, the site will be checked and the condition that led to tripping found. A reliable
backup communication system is necessary to minimise the system restoration time. How-
ever, poor observability does not allow for the participation of industrial loads or DGs in
restoration plans. Figure 3 below illustrates the high-level overview of the steel-making
plant, which accommodates black-start support.
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3.1. Proposed Black Start Business Model for Industrial Sites

This study mainly focuses on the qualitative assessment of the capability of large
industrial sites to participate in the Black Start service. However, to exploit the available
resources from industrial sites, which can support the system restoration process a proper
business model is required. It should mainly address the following key factors:

• Competency level—The technology readiness level of industrial plants to participate
in Black Start Service.

• Additional investment required to set up the platform.
• Additional revenues by providing the Black Start Service.
• Impact on the anticipated production goals (i.e., financial gain/loss when partic-

ipating in the restoration process rather utilising its generation resources for the
production process).

• Required amendments in the grid code to involve industrial sites as Black Start providers.
• The procurement policy (i.e., contracted, non-contracted Black Start provider).
• Communication and control resilience.
• Restoration capability—The anticipated time to remain grid-connected during

the restoration.
• Minimum DER capacity threshold to participate in the new Black Start service.
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In this regard, a competitive pricing strategy will enable these emerging facilities to
participate as primary/secondary Black Start providers. Further, cost-benefit studies can
help identify policy barriers that may prevent industrial plants from providing this service.
This will also indicate the most efficient roadmap to unlock the capability of industrial sites
to provide Black Start service.

3.2. Required Technical Amendments of Industrial Plants

The capability to provide Black Start service from a large industrial site mainly depends
on the flexibility level at the time of total grid failure occurs or, that is, the plant moves to
island mode. If the local generation is less than the islanded load, it is unlikely to provide
this service unless some non-critical production processes are halted and some additional
power is available.

Irrespective of the direction of the flexibility, it is essential to feed the critical loads
of the plant to prevent high costs associated with the cold-start of the whole production
process. Therefore, identification of critical loads and ensuring the continuity of supply is
the first step in investigating the technical amendments at the site. In a typical industrial
plant, this can be achieved by separating busbars connected to these critical loads, and
local generation is connected via automatic transfer switches. Generally, small standby
diesel generators are used to start local gas turbines or to provide power references such
as voltage and frequency to allow renewable power generators to reconnect. Due to its
fast speed of response, BESS can be used as an alternative to a black start diesel generator.
It improves reliability and can also provide the necessary short-circuit power to ensure a
given protection sequence.

During an event, if the local generation exceeds the islanded load (upward flexibility)
extra measures have to be taken to prevent over-speeding of local gas turbines, which
could ultimately trip the machines. This could happen due to insufficiently fast or unstable
control response. However, it is essential to make sure that these generating units are
readily available to participate in the restoration process upon the commands received from
the system operator. In this regard, a proper coordination and control restoration method
is required to establish between load, synchronous, and non-synchronous generating units.
This is another technical requirement that needs to be addressed.

Another key aspect is the communication and control resilience of the plant. This is
critical for a Black Start provider to be able to monitor the plant and execute the remote
failsafe operation, as well as send information and receive instructions from the system
operator during an outage. The type of technology and capacity of the connection is
important in the restoration planning process and for the coordination of actions during the
restoration itself. However, if the industrial load already participates in the DSR program
no additional communication infrastructure is required to be set up. The required technical
amendments at the site are:

• Critical load identification and ensure the continuity of supply.
• Reconfiguration of busbar arrangement to serve critical and non-critical loads.
• Point of connection of local generation to serve critical loads while participating in

Black Start service.
• Communication and Control modifications within the plant to provide BS service.

3.3. SWOT Analysis

In this section, a comprehensive SWOT (Strengths, Weaknesses, Opportunities, Threats)
analysis is conducted to understand the internal and external factors that industrial plants
encounter to formulate development strategies, plans, and countermeasures when partici-
pating in the Black Start service. Figure 4. highlights the key points of the SWOT analysis
of industrial plant Black Start participation.
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Figure 4. The SWOT analysis of industrial plant black start participation.

(a) Strengths

• Co-location of DERs—The possibility of co-locating DERs is one of the major
strengths of industrial sites to participate in the Black Start service. This will
improve the security of the supply of variable renewable energy sources during
the system restoration.

• Act as an Anchor Generator—Synchronous DERs such as waste-gas and natu-
ral gas generation units can readily participate as anchor generators to create
power islands.

• Policy Support—The government support for integrating low-carbon power
generating sources will motivate industries to participate in different ancillary
services offered by the grid operator.

• Remain in hot-standby mode—Cost minimisation is one of the main objectives
of a large Industrial plant. The use of own generation facilities will reduce high-
cost grid imports. Since these types of plants operate 24× 7, the plant availability
is high. This helps to minimise total restoration time upon a blackout.

• Communication infrastructure—If the industrial plants already participate in
the DSR program, no additional communication facilities are required to install
at the site.

(b) Weaknesses

• Intermittent nature of DERs—The availability of wind and solar PV energy is
highly correlated with the stochasticity nature of wind and solar irradiance.

• Small block loading capability—Even during a blackout, the plant will use its
resources to keep running the critical process to avoid high costs associated with
restarting the plant. Therefore, only a fraction of the DER installed capacity is
capable of providing this service.

• Low restoration support time—Unlike large synchronous generators energy
availability to support system restoration is very limited. (ex. the SoC of the
BESS, availability of waste gas, etc.)

• New grid forming inverters—New grid forming inverters are required if wind
and solar PV is intended to use as anchor generators.

• Low reactive power support—The capability to absorb/export reactive power
from inverter-based DERs is currently limited to a 0.8 power factor.
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(c) Weaknesses

• The decline of DER capital costs—Over the years the required £/MW value to
install DERs is declining.

• Financial incentives—Most financial institutions are willing to provide low-
interest credits for DER projects.

• Use of same assets to provide multiple services—Capability of receiving addi-
tional income utilising the same resources.

(d) Threats

• Impact on production processes—Delay in meeting the production goals if the
restoration takes several hours which requires additional grid imports.

• Existing technical limitations—Power quality issues, reverse power flow, and
lack of sustained fault current are some of the existing technical limitations of
DERs over traditional synchronous generators. Also, it is required to identify the
short-circuit power levels necessary to operate the protection relays.

4. Flexibility from Large Industrial Consumers

In this section, the methodology used to identify the electricity flexibility of large
industrial consumers is presented. The mathematical background of the optimisation
method used for this analysis by referring to an integrated steelmaking site, to unlock
their electricity flexibility and to assist in the decision-making process is discussed. The
sources of flexibility and quantification of the amount per source for participation in the
ancillary services are identified. The optimisation methodology is able to integrate various
algorithms to calculate the optimal production schedule by analysing market options in
relation to their own operating constraints and asset availability. As shown in Figure 5, the
optimal schedule is divided into two scenarios:

(i) Normal operation without ancillary services; the objective is to minimise the total
system operational costs.

(ii) Operation with ancillary services provision; the objective is to maximise the total
revenue, which is the total gain minus total costs.
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4.1. Plant Characteristics of a Typical Steel Plant

Based on day-ahead electricity price (as a guidance, the price is not locked down),
through cost-effective calculation when the grid price is higher than on-site generation,
the steel-make site can decide to use them to generate electricity and vice versa, whilst
following a general principle that is to keep some generating units (ex. natural gas) at the
minimum normally but also reduce the grid import.

In a typical steel plant, Hot Strip Mill is the most energy-intensive process and demand
reduction operation comes at a cost of delaying the steel production leading to a loss of
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revenues This is mainly the bottleneck process of a steel plant. Sinter plant, pre-treatment
link, and superheater are other non-critical loads that show flexibility in shifting to another
pre-planned time slot. However, these processes are less flexible and lesser in capacity com-
pared to hot strip mills, but the process shall be shifted at no extra cost. More information
on steel making process can be found in [30].

4.2. Optimising Variables for the Modelling Study

The elements of interest for the modelling study include typical industrial processes
(steel production), energy generation systems including different DERs, as well as electricity
trading mechanisms with the gird. The characteristics of these elements are:

1. Industrial process model

(a) State task network (STN).
(b) Non-schedulable tasks (NSTs), such as for blast furnace modelling.
(c) Schedulable tasks (STs), such as for water heating/cooling modelling [31].

2. Energy generation system (ESG)—this includes non-schedulable generation, such as
solar, wind, waste heat, and large thermal power plants. It also includes schedulable
plants, such as diesel and natural gas power plants. The state is given by;

EEGS(t) = ENEGS(t) + ESEGS(t) (1)

where EEGS(t) stands for total energy generated from EGS at time t, ENEGS(t) stands
for energy generated from non-schedulable sources (NEGS) and ESEGS(t) stands for
energy generated from schedulable sources (SEGS).

3. A trading mechanism for selling and purchasing electricity can be modelled follow-
ing [32]. This can be adapted to include ancillary services modelling. Presumably more
complicated than selling/purchasing according to day-ahead hourly electricity price.

To obtain the optimal generation schedule with demand flexibility of the plant the
following decision variables are required to be accounted for:

(a) Determine the scheduling of state tasks (STs), and energy generation system (EGS) in
order to shift the demand from peak periods (with high electricity price) to off-peak
periods (with low electricity price).

(b) Operating points of STs.
(c) Quantity of each element.
(d) Costs of each element.

The model specification used for the analysis of the optimal operation of an industrial
consumer is summarised in Table 2.

Table 2. Model specifications.

Potential Sources of Flexibility Input Information Objective(s) Output Information

On-site Renewable Generation

• Capacity
• Historical profile data
• Cost
• Wind
• Solar PV

• Maximise demand
response capacity

• Maximise profit = revenue − cost
• Minimise operational cost
• Peak-shaving

• Amount of demand
response capacity

• Duration of demand response
provision capability

• Availability rate of demand
response provision

• Optimal allocation of energy
usage of on-site storage,
generators, and industrial
processes in case there is a
call for balancing power

On-site Generators (diesel,
natural gas, or waste gas)

• Ramp up rate
• Ramp down rate
• Cost coefficient or priority factor

Industrial Processes

• Sequential operation information
• Non-Schedulable process
• Schedulable process
• Continuous process: ramp up rate

and ramp down rate
• Batch process: cycle duration
• Historical Consumption load

profile data

Price • Day-ahead price profile



Energies 2022, 15, 7262 13 of 25

4.3. Methodology and Mathematical Formulation

As mentioned above, the main objective is to minimise the cost of dispatching local
generation at the site. This is achieved by utilising on-site RE sources with a high priority
with their availability. Additionally, two types of synchronous generators by the cost of
fuel are considered. Waste-gas generators can be generally considered cheaper compared
to a natural-gas generator. The demand profile is randomly generated using Monte Carlo
methods but taking account of the typical characteristics of steel-making processes. The
output of this multi-objective optimisation process is the optimal usage allocation of four
types of generations as well as the optimal amount of grid import. The mathematical
formulation is described in the following section.

1. Consider hourly demand profile D(t) in one day with 24 data points t ∈ [1, 24].
2. Input set: J = [(1) PV, x1(t); (2) wind, x2(t); (3) waste-gas generator, x3(t); (4) natural-

gas generator, x4(t); (5) grid import, x5(t)].
3. The waste- and natural-gas generators are normally operated within a certain range

of their full capacity. The operating ranges (upper bound—ub and low bound—lb) of
x3(t) and x4(t) are at [lb3, ub3] and [lb4, ub4] respectively.

4. The change in x3(t), x4(t) is assumed not to exceed 50% of their values in the previous
time step t− 1.

5. The cost of using x1(t), x2(t), x3(t), x4(t), x5(t) is set up as [c1(t), c2(t), c3(t), c4(t), c5(t)]
with c1(t) and c2(t) the lowest and c5(t) the highest.

6. The production capacity limit of the four types of generation is set as 0 ≤ x1(t) ≤ PV(t),
0 ≤ x2(t) ≤ wind(t), lb3 ≤ x3(t) ≤ ub3, lb4 ≤ x4(t) ≤ ub4, lb5 ≤ x5(t) ≤ ub5.

Therefore, the optimisation problem can be written as follows:

min
xj

∑
j∈J

cj(t)xj(t) (2)

Subjected to the following equality and inequality constraints.

∀


∑
j∈J

xj(t) = D(t)

lbj ≤ xj(t) ≤ ubj
0.5x3(t− 1) ≤ x3(t) ≤ 1.5x3(t− 1)
0.5x4(t− 1) ≤ x4(t) ≤ 1.5x4(t− 1)

(3)

After defining the problem, the standard linprog format in MATLAB has been used as
follows.

min
x

f T ∗ x such that


A ∗ x ≤ b,

Aeq ∗ x = beq
lb ≤ x ≤ ub

(4)

Subject to:
x1(t) + x2(t) + x3(t) + x4(t) + x5(t) = D(t)

0 ≤ x1(t) ≤ PV(t)
0 ≤ x2(t) ≤ wind(t)

lb3 ≤ x3(t) ≤ ub3
lb4 ≤ x4(t) ≤ ub4
lb5 ≤ x5(t) ≤ In f

0.5x3(t− 1) ≤ x3(t) ≤ 1.5x3(t− 1)
0.5x4(t− 1) ≤ x4(t) ≤ 1.5x4(t− 1)

Finally, the following function has been used to obtain required results.

[ x∗, f val, ∼] = linprog
(

f , A, b, Aeq, beq, lb, ub
)

(5)
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5. Case Study on a Steel Making Plant

In this section, the percentage availabilities of on-site PV and wind to participate in
industrial demand response have been quantified under different PV and wind generation
profiles. Initially, an optimised load profile of a 90 MW steel-making plant has been
generated following the methodology presented in [33]. The total demand comprises the
following processes:

• Hot strip mill (consumption between 10 MW and 60 MW from 12:00 to 4:00 morning
the next day).

• Sinter plant with an average consumption of 14 MW.
• Pre-treatment link (PT Link) with an average consumption of 12 MW.
• Super-heater with an average consumption of 4 MW.

This steel plant load demand has been optimised considering time-based electricity
prices by optimally arranging energy-consuming activities to avoid peak hours. The
capability of adjusting loads comes from the flexibility of sources at the steelmaking plant
and the duration that each task can be adjusted without hindering the production targets.
For scheduling with flexible loads, adjustability between 75% to 125% of the nominal
value is assumed in this study. The scheduling models are based on resource-task network
formulations that incorporate the electric arc furnaces’ flexibilities to reduce the electricity
cost. Figure 6 illustrates the optimised demand profile of the plant [34].
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The in-house PV and wind generation profiles related to the geographical area where
the steel-making plant is located are considered by referring to the work in [35]. The average
installed capacities of PV (22.5 MW) and wind generation (22.8 MW) are obtained using the
Monte Carlo methodology for 365 days as shown in Figure 7. Further, it is assumed that the
steel plant has a total generating capability of 94 MW including PV and wind generation.
Subsequently, the operating limit of both waste-gas and natural-gas generators is assumed
at [0.2, 0.8] of their full capacities. This results in the operating range of both generators are
[9.4, 37.6] MW.

The following steps are followed to identify the flexibility levels.

1. Step-1: Generate the optimised load profile with 20 min interval from an analysis
conducted according to the methodology described in [33].

2. Step-2: Average the optimised load profile for a 1-h interval.
3. Step-3: Run the adapted optimisation algorithm by varying different on-site PV and

wind generation profiles.

To obtain the optimised load profile of the steelmaking site (in Step-1), only grid
electricity import is considered. This enables prioritising on-site PV and wind generations
when identifying the level of flexibilities from these low-cost generation units in Step 3.
Further, the following assumptions are made. First, the grid electricity price is set to a
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higher value. This allows prioritising the PV and wind generation over the grid import.
Two generation priority levels have been assigned, the first priority level for low carbon
renewable energy sources (PV and Wind generation) and the second priority level for
inhouse waste gas and natural gas generation. Also, ramp rates of in-house waste gas and
natural gas plants are not considered in this simulation scenario.
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The ability of the steel plant to adjust its load curve in response to the electricity price
curve is an indication of the level the flexibility it has. The better it can adjust its load curve
enables the steelmaking plant to provide different ancillary services to the grid operator.
The flexibility of PV and wind generation can be calculated as:

Flexibility =
PPV−opt(t) + Pwind−opt(t)

Demand (t)
× 100% (6)

where, Ppv-opt (t) and Pwind-opt (t) are the optimum PV and wind generation used to serve
the demand at time t.

5.1. Case Studies

In the following section, four case studies have been conducted by varying the PV
and wind generation capacities. Case studies 1 and 2 have been conducted by varying PV
generation while maintaining a fixed wind profile. It is worth noting that, the annualised
1-h average values have been used for all four cases.

(a) Case Study 1: Variation of flexibility with different PV generation (4.5–18 MW) while
maintaining the wind generation profile constant (at the peak value of 22.8 MW).

Figure 8A shows the optimised hourly load profile of the aforementioned steel-making
plant and the different levels of percentage flexibility that the plant could provide with four
different PV generation peak capacities (4.5 MW, 9 MW, 13.5 MW, 18 MW). Notably, during
the daytime between 12:00–13:00 hrs, it shows the highest flexibility level at about 65%. As
shown in Figure 8B(a), between this interval, the PV generation is the highest, and wind
generation is also at its peak level of 22.8 MW. On the contrary, the optimum allocation
of waste gas was above its minimum generation and the natural gas supply was set to its
minim generation of 9.4 MW as shown in Figure 8B(c,d). Due to higher on-site generation
than its demand, the grid import is zero as shown in Figure 8B(e).
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(b) Case Study 2: Variation of flexibility with different PV generation (22.5–36 MW) while
maintaining the wind generation profile constant (at the peak value of 22.8 MW).

The Case Study 2 represents how flexibility level varies with higher PV generation
(22.5 MW, 27 MW, 31.5 MW, 36 MW) compared to Case Study 1. Figure 9A shows the
optimised hourly load profile of the aforementioned steel-making plant and the different
levels of percentage flexibility that the plant could provide for cases considered. Similar to
Case Study 1, during the daytime between 12:00–13:00 hrs it shows the highest flexibility
level about 70%. As shown in Figure 9B(a), between this interval, the PV generation is the
highest. However, wind generation is lower than its peak level of 22.8 MW. Therefore, a 5%
increase in flexibility could be observed compared to Case Study 1. On the contrary, the
optimum allocation of waste and natural gas supply was set to their minim generation of
9.4 MW as shown in Figure 9B(c,d). Due to higher on-site generation than its demand, the
grid import is zero as shown in Figure 9B(e).
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• Discussion on the simulation results:

National Grid ESO splits the year in a number of seasons and specifies the period in
each day (working and non-working days) where Short Term Operating Reserve (STOR)
providers can be called upon to deliver this service. This period is known as the STOR
Availability Window (SAW). As per [36], the general time periods of STOR Availability
Window are:

(i) Window 1: (05:00–6:00)–(12:00–13:00) [GMT]
(ii) Window 2: (15:00–16:00)–(17:00–20:00) [GMT]

Therefore, for the industrial customer who wishes to participate in STOR service as
Balancing Mechanism (BM) or non-BM service provider under the Committed Service
category, the industrial load should be able to reduce grid import or supply in-house
surplus energy to the grid. In our case studies presented in Figures 8 and 9, the availability
levels depend on the assumed PV and wind generation levels. With the increase in PV
generation levels, the level of flexibility increases. Table 3 quantifies the flexibility level (in
MW) for each two of the scenarios presented. It is worth noting that, between 18:00–24:00
hrs the level of flexibility is much lower compared to the other two periods due to the
low demand at the steelmaking plant. However, the availability of on-site wind plants is
considerably higher, which may be capable of exporting energy to the grid. Only demand
reduction is considered in this analysis.

Table 3. Level of flexibility with the time (Case Study 1 and 2).

Scenario
Flexibility Level (MW)

0:00–8:00 hrs 8:00–18:00 hrs 18:00–24:00 hrs

C
as

e
St

ud
y

1 PV 1 21.4 22.2 6.9
PV 2 21.4 23.3 6.9
PV 3 21.4 24.5 6.9
PV 4 21.4 25.6 6.9

C
as

e
St

ud
y

2 PV 5 21.4 26.7 6.9
PV 6 21.4 27.9 6.9
PV 7 21.4 29.0 6.9
PV 8 21.4 30.1 6.9

Consider the level of flexibility between 12:00–13:00 hrs (R1) of Figure 10 correspond
to Case 2. This relates to the minimum load level during daytime which has maximum
PV generation. A constant level of flexibility is observed irrespective of the variation of
PV generation for the R1 period. This is due to the fact that between 12:00–13:00 hr local
waste and natural gas usage is at its minimum generation level of 9.4 MW. Whereas, PV
generation will use its maximum available generation and the balance will be provided
by the wind generation. It should be noted that the grid import remains at 0 MW. This
demonstrates the correlation between the level of flexibility and the industrial process.
Further, this shows the flexibility of industrial loads to participate in the STOR service as a
BM provider.

(c) Case Study 3: Variation of flexibility with different wind generation (4.6–18.3 MW)
while maintaining the PV generation profile constant (at the peak value of 22.5 MW)

Figure 11A below shows the optimised hourly load profile of the steel-making plant
and different levels of percentage flexibility that the plant could provide with four different
on-site wind generation with peak capacities of 4.6 MW, 9.1 MW, 13.7 MW, 18.3 MW
while on-site solar PV peak generation set to 22.5 MW. Notably, during the daytime
between 12:00–13:00 hrs, it shows the highest flexibility level at about 65%. As shown in
Figure 11B(b), between this interval, the wind generation is the highest. However, it utilises
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the PV generation at its full capacity throughout the period. On the contrary, the optimum
allocation of waste gas was above its minimum generation and the natural gas supply
was set to its minim generation of 9.4 MW as shown in Figure 11B(c,d). Compared to the
previous two cases, during several intervals, it requires to import of energy from the grid
to cater to its demand as shown in Figure 11B(e). However, for higher wind (18.3 MW) and
PV generation (22.5 MW), the grid import is zero.
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(d) Case Study 4: Variation of flexibility with different Wind generation (22.8–36.5 MW)
while maintaining the PV generation profile constant (at the peak value of 22.5 MW)

Case Study 4 represents how flexibility level varies with higher wind generation
(22.8 MW, 27.4 MW, 31.9 MW, 36.5 MW) compared to Case Study 3. Figure 12A shows the
optimised hourly load profile of the aforementioned steel-making plant and different levels
of percentage flexibility that the plant could provide for cases considered. Similar to Case
Study 3, during the daytime between 12:00–13:00 hrs it shows the highest flexibility level
about 70%. Notably, although high wind generation is available during this period (where
on-site RE generation is higher and day-time peak demand is lower), the wind generation
has been curtailed to accommodate other constraints imposed by the optimisation algorithm
as shown in Figure 12B(b). As of Case Study 3, between this interval, the PV generation is
the highest. Further, a 5% increase in the flexibility level could be observed compared to
Case Study 3. On the contrary, the optimum allocation of waste and natural gas supply
was set to their minim generation of 9.4 MW as shown in Figure 12B(c,d). Due to higher
on-site generation than its demand, the grid import is zero as shown in Figure 12B(e).
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• Discussion on the simulation results:

The results shown for Case 3 and Case 4 are based on varying the wind generation
profile while maintaining a fixed PV profile. As seen in Figures 11 and 12 improved
flexibility levels can be observed beyond the BM STOR availability windows due to the
utilisation of more wind energy. However, the general pattern of the flexibility curve is
almost similar for all four cases since the level of flexibility exclusively depends on the
capability of adjusting the in-house loads.

Table 4 quantifies the flexibility level (in MW) for each two of the scenarios above.
With the increase in wind generation, the level of flexibility is increased for the periods
0:00–8:00 hrs and 8:00–18:00 hrs. However, between 18:00 to 24:00 hrs the flexibility level
of 6.9 MW remains unchanged irrespective of the scenario due to low demand from the
steelmaking plant. This highlights the fact that the level of flexibility from on-site PV and
wind is highly correlated with the steelmaking process.

From the above four case studies, the following general observations can be made. The
levels of flexibility from PV and wind are highly correlated with the capability of shifting
loads in the steelmaking plant. Proper coordination and management of non-critical loads
will enable steelmaking plants to participate in the demand response programmes in a
more beneficial manner.



Energies 2022, 15, 7262 20 of 25

Table 4. Level of flexibility with the time (Case Study 3 and 4).

Scenario
Flexibility Level (MW)

0:00–8:00 hrs 8:00–18:00 hrs 18:00–24:00 hrs

C
as

e
St

ud
y

1 Wind 1 4.2 9.8 4.4
Wind 2 8.5 14.1 6.5
Wind 3 12.9 18.3 6.7
Wind 4 17.1 22.5 6.9

C
as

e
St

ud
y

2 Wind 5 21.3 26.7 6.9
Wind 6 25.7 30.9 6.9
Wind 7 30.1 35.2 6.9
Wind 8 34.2 39.4 6.9

5.2. Sensitivity Analysis of Flexibility Level with the Seasonal Variation of PV and Wind Generations

The two graphs from Figure 13 show the seasonal variation of PV and wind of the
nominal annual average capacity of 22.5 MW of PV and 22.8 MW of wind. It can be noted
that during the summer the PV generation is higher whereas during the winter wind
generation is higher. In order to exploit the level of flexibility with the seasonal variations
of on-site PV and wind generation, a sensitivity analysis was carried out following the
methodology discussed above.
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Figure 13. Nominal Seasonal Variation of PV and Wind.

A total number of 8 case studies have been conducted as summarised in Table 5.

Table 5. Seasonal variation case studies.

Season Case Study Acronym Corresponding Figure Description

Spring
C1 Figure 14A Fixed Wind Generation at 21.8 MW and vary PV generation

3.1 MW, 6.3 MW, 9.5 MW, 12.6 MW

C2 Figure 14B Fixed PV Generation at 15.8 MW and vary Wind generation
4.3 MW, 8.7 MW, 13.1 MW, 17.5 MW

Summer
C3 Figure 15A Fixed Wind Generation at 19 MW and vary PV generation

6.2 MW, 12.4 MW, 18.6 MW, 24.8 MW

C4 Figure 15B Fixed PV Generation at 31 MW and vary Wind generation
3.8 MW, 7.6 MW, 11.4 MW, 15.2 MW

Autumn
C5 Figure 16A Fixed Wind Generation at 19.3 MW and vary PV generation

5.8 MW, 11.7 MW, 17.6 MW, 23.5 MW

C6 Figure 16B Fixed PV Generation at 29.4 MW and vary Wind generation
3.8 MW, 7.7 MW, 11.5 MW, 15.4 MW

Winter
C7 Figure 17A Fixed Wind Generation at 31.5 MW and vary PV generation

2.8 MW, 5.6 MW, 8.4 MW, 11.2 MW

C8 Figure 17B Fixed PV Generation at 14 MW and vary Wind generation
6.3 MW, 12.6 MW, 18.9 MW, 25.2 MW
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• Discussion on the simulation results:

The sensitivity analysis (case studies C1–C8) shows that depending on the seasonal
variation of on-site PV and wind the level of flexibility varies significantly. It should be
noted that all the minimum flexibility levels correspond to the minimum demand reduction
of 6.9 MW. This is the lowest demand for the steelmaking plant (between 19:00–20:00 hrs),
which corresponds to STOR Availability Window-2. Generally, after 18:00 hrs the PV genera-
tion is minimal thus the flexibility should be provided by available on-site wind generation.

Some of the scenarios that correspond to case studies C2, C4, C6, C8 (fixed PV with
varying wind) show that grid import is required at some specific time intervals. It can
be identified that these scenarios relate to very low wind generations thus a minimum
threshold should be identified. In order to provide a demand reduction of 6.9 MW (which
is the lowest demand reduction possible in this case study) a minimum of 18 MW of wind
and 14 MW of PV are required to be installed at the site. However, complying with National
Grid requirements and to provide a minimum of 3 MW of flexibility (with a minimum
of 2 h and a recovery period of not more than 1200 min) it is recommended to install a
minimum of 8 MW of wind and 6 MW of PV at the steelmaking site.

6. Conclusions

At present, one of the main obstacles to participating in the Black Start service is the
existing size of the block load. Most of the embedded generating plant nameplate capacities
are below 50 MW and when intermittency is considered, the capable block load size reduces
further. However, for instance, the case study conducted concluded that a minimum of
6 MW-PV and 8 MW-Wind are required to participate in the DSR program as a BM provider.
The industrial plant considered for this analysis is already equipped with 37.6 MW of waste
and natural gas generating units. Therefore, a total of 51.6 MW of nameplate generating
capacity is available at that site. If the size of the critical loads to be served is less than
this capacity, industrial plants are able to support the system restoration process without
hindering the plant operation completely. In addition to these key points, the configuration
of the network is also important.

Further, another option to participate in this Black Start service is via an aggregator.
The role of the Black Start aggregator would be different from the aggregator that provides
STOR services. Network energisation via an aggregator requires a more sophisticated con-
trol and communication platform. The responsibility of controlling Black Start generating
units inside the aggregator will be much more complicated. However, during the tendering
process, the intended Black Start provider should demonstrate its compliance at the Point
of Delivery (PoD). From the system operator’s (SO) perspective, the issues emerge behind
the PoD during the energisation and have to be resolved by the Black Start provider.

Further, a combined system restoration approach will increase the system restoration
speed. The process should be a combination of speed and availability because there
is a transition period moving from a centralised to a de-centralised system restoration
approach until all DNOs should have the capability to provide this service. DNOs have
the ability to segregate the network but it depends on the switching capability. Thus,
reducing the size of the block load is essential. A discussion had with the SO confirms
that the block load size between 35–50 MW is suitable. Instead of a fixed block load size,
specifying a range will enable more generating assets to participate in this service. However,
considering the restoration time a minimum block load size of 20 MW is recommended.
Some other technical aspects such as the ability to switch remotely, DNO-TO (transmission
owner) protection coordination, earthing requirements, Sub-Synchronous Resonance, and
Interaction (SSR and SSI) when deploying a large number of inverter-based generating
resources for network energisation are also required to be considered.

To summarise, this paper addresses two main research gaps stated in the introduction
section; (a) investigate the flexibility of large industrial consumers with reference to a steel
production plant with a 90 MW peak load. (b) identify the qualitative and quantitative
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factors that need to be accounted for by large industrial consumers to participate in future
black start services.
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