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1 Introduction 

1.1 Rationale 

As energy systems in Australia advance towards an age of decarbonisation, they face the technical challenge of 
substituting consistent, dispatchable, thermal power generation with highly variable renewable generation. 
Resolving this problem will involve a combination of energy storage, backup generation and demand-side 
management (DSM) (AEMO, 2020).  

Traditionally, DSM in Australia has focussed specifically on reducing demand at periods of grid peak demand, 
such as during extreme weather events or network emergencies. While this function is critical to electrical grid 
reliability, Flexible Demand (FD) is an emerging concept that extends the role of DSM to a wider scope of 
functions and services, where management of end-use consumption is also regarded as a distributed energy 
resource (DER). The concept of FD also incorporates increase in consumer demand when excess electricity is 
available (such as at times of surplus renewable generation). It includes new roles for demand-side resources 
such as maintaining reliability and contingency reserves, providing ancillary services, optimising renewable 
integration and yielding a variety of benefits for consumers (Swanston, 2021). 

One approach to the definition and categorisation of FD is proposed by the Lawrence Berkeley National 
Laboratory. In a study assessing the potential and cost of future demand response resources in California, 
Alstone et al. (2017) developed a taxonomy for flexible loads to describe a diversity of services across different 
timescales. This taxonomy divides FD resources into four main categories: 

1. Shape FD is defined as resources that modify the load of an end-user on a consistent or permanent 
basis, such as through Time-of-Use (TOU) tariffs or programs that change consumer behaviour. 

2. Shift FD represents load changes that optimise the use of surplus renewable generation or exploit 
fluctuations in market prices (times of surplus renewables usually have lower, or even negative prices). 

3. Shed FD is the more conventional form of load-flexing, providing downward demand response (DR). 
Loads are curtailed during periods of high demand, without increasing energy use at other times to 
compensate. 

4. Shimmy FD is the most dynamic form of load-flexing, involving rapid response to changes in system 
demand that affect the stability and quality of delivered power. 

Table 1 provides a summary of the various performance metrics for the FD categories. 
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Table 1. Summary of performance metrics and typical values for FD services. 

Metric (units) Shape Shift Shed Shimmy 

capacity (watts) permanent load 
change 

cyclical load change  one-off/event load 
reduction 

continuous change in load 

energy (watt-hours) no net change in 
consumption, 
increased VRE 
consumption 

no net change in 
consumption (in 
principle), increased 
VRE consumption 

reduction in net 
consumption (except 
with embedded 
generation cases) 

no change to net energy 
balance over the duration 
of response 

notice period (time) days–months hours–days (needs 
price/ VRE forecasts)  

minutes–hours seconds–minutes (usually 
automated) 

response time (time) N/A minutes minutes seconds–minutes 

response duration 
(time) 

N/A hours hours seconds–minutes 
(regulation)  
minutes–hours (load-
following) 

physical availability 
(activations/time) 

permanent a few times per day or 
per week 

depends on FD asset continuous or multiple 
times per day 

carbon abatement increased VRE 
utilisation 

increased VRE 
utilisation 

reduced peaking 
thermal (fossil fuel) 
capacity requirement 

reduction in other (fossil 
fuel) ancillary service 
sources 

 

1.2 Objectives 

This paper summarises a critical review of academic and industry literature on the topic of FD in Australia. 
While not a systematic review, this paper aims for comprehensiveness by using aspects of a rapid review 
process specified by the Reliable Affordable Clean Energy (RACE) for 2030 Cooperative Research Centre 
(RACE for 2030).1 The process involves defining research questions and compiling literature resources by 
conducting keyword searches on selected databases. The literature is then screened according to selection 
protocols designed to filter all but the most relevant references.  

The key questions that this paper seeks to answer are: 

1. Which loads and sectors have the greatest opportunity for flexible demand? 

2. How does the mix of flexible demand assets in Australia compare with the mix of assets internationally? 

3. How are best practice flexible demand projects benefitting customers? 

4. What areas of research most effectively address the most susceptible barriers for greatest impact, in 
particular: 
(a) What role is Industry 4.0 expected to play in flexing Commercial and Industrial (C&I) energy 

demand? 
(b) How can novel pricing and/or incentive options unlock further C&I flexible demand? 

                                                           
1 RACE for 2030 is a 10-year Cooperative Research Centre with A$350 million of resources to fund research towards a reliable, 

affordable and clean energy future. See racefor2030.com.au 

https://www.racefor2030.com.au/
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2 Key findings of rapid review 

2.1 Summary of results 

2.1.1 Which loads and sectors demonstrate greatest opportunity for flexible demand? 

Looking forward to the next viable tranche of FD in Australia, it is critical to review the FD potential for 
different sectors across the economy. Based on an assessment of electricity consumption and current 
engagement in demand response schemes in the Flexible Demand and Demand Control Techno-Economic 
Literature Review (RMIT, 2021), it is estimated that approximately half of industrial subsectors have a moderate 
capacity for FD. Industries with more limited potential are metals (both ferrous and non-ferrous), food 
processing and chemicals. This is primarily due to the lack of production process flexibility and importance of 
energy in their processes. The oil and gas extraction subsector has particularly poor potential.  
 

Table 2. The scoring framework for a ‘HUFF Matrix’—homogeneity, ubiquity, feasibility (techno-economic), feasibility (actual/realistic). 

LOAD 

 
Score 

 
Homogeneity 

 
Ubiquity 

Feasibility  
(techno-economic) 

Feasibility  
(realistic) 

1 Businesses need to design a 
bespoke version of the 
equipment to flex 

<1000 Enabling control technologies are 
unavailable  

There are no proven 
examples of flexing this load 

2 Businesses can buy the 
equipment off the shelf but 
need an external 
aggregator/controller 

>1000 
<10,000 

Some enabling technologies available at 
reasonable costs 

There are proven examples 
of flexing this load abroad or 
domestically 

3 Businesses can buy the 
equipment off the shelf and 
install/flex it themselves 

>10,000 Many enabling technologies available at 
low, competitive costs 

There are proven examples 
of flexing this C&I load in 
Australia 

     
SECTOR 

 
Score 

 
Homogeneity 

 
Ubiquity 

Feasibility  
(techno-economic) 

Feasibility  
(realistic) 

1 Businesses within the 
sector have bespoke 
operations, designed 
specifically for purpose 

<1000 Assets not designed for flexibility and 
significant expenditure required to 
redesign or electricity consumption is 
<1% of total industry  

There are no proven 
examples of flexing this load 

2 Businesses can operate in 
different ways but use off-
the-shelf equipment  

>1000 
<10,000 

Assets have some inherent flexibility 
and could be improved with investment 
and electricity consumption is <2% of 
total industry  

There are proven examples 
of this sector flexing demand 
abroad 

3 Businesses in the sector 
operate in a very similar 
manner, with the same off-
the shelf equipment 

>10,000 Assets are ready-to-flex at low-cost 
given the appropriate control 
technologies and electricity 
consumption is >2% of total industry 

There are proven examples 
of this sector flexing demand 
in Australia 

 

Many emerging FD opportunities appear to be in commercial sectors. This is because (1) many large-scale 
industrial plants are already participating in demand response to their maximum level, and (2) more enabling 
technologies (often categorised as Industry 4.0) are becoming available to aggregate (through advanced 
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monitoring and control technologies) loads across organisations. Thus, this section is focused on prioritising 
prospective flexible loads in smaller industrial and larger commercial businesses.  

Given typical commercial arrangements in these sectors—where businesses are often independently 
operated—a successful FD solution must be replicable and scalable. Thus, both the load and sector should be 
homogenous, ubiquitous as well as, of course, feasible. Feasibility entails not only techno-economic potential, 
but also the realistic potential to acknowledge the behavioural factors associated with activating demand-side 
resource. Table 2 outlines a qualitative framework for assessing these four factors in a ‘HUFF matrix’ for both 
sectors and loads. The final HUFF matrix builds on the preliminary quantitative assessment undertaken in the 
Flexible Demand and Demand Control Techno-Economic Literature Review (RMIT, 2021) and is attached in its 
Excel format. 

Each factor is given a score from 1 to 3 based on the qualitative assessment described above. The score for the 
type of electricity load is calculated as the sum of each of four factor scores for a result ranging from 4 to 12, 
with the sector score calculated similarly. Each load and sector scores for the C&I sectors were multiplied to 
deliver an overall matrix with scores ranging from 16 to 144, which are colour-coded as follows in Table 3 and 
Table 4: 
 

Scale 16 20 24 28 28 36 40 44 48 60 72 84 96 108 120 132 144 
 

Table 3. The HUFF Matrix for the industrial sector. 

  
 

Refrigeration 
 

Heat pumps 
 

Irrigation 
Thermal 
storage 

 
Processes 

Material 
storage 

Embedded 
generation 

Electrical 
storage 

Iron and steel  56  56 70  70 63 

Pulp and paper  64  64 80 64 80 72 

Cold stores 72 72  72   90 81 

Water utilities  72  72 90 72 90 81 

Agriculture 80 80 90 80 100  100 90 

Mining  64  64 80  80 72 

Chemicals 56 56  56 70  70 63 

Cement  64  64 80 64 80 72 

Manufacturing 80 80  80 100  100 90 

Aluminium  56  56 70 56 70 63 
 

Table 4. The HUFF Matrix for the commercial sector. 

  
HVAC pre-

cooling 
Heat 

pumps 
 

Hot water 
Thermal 
storage 

 
EVs 

Pool 
pumps 

Embedded 
generation 

Electrical 
storage 

 
Refrigeration 

Retail 70 56 63 63 35  63 70  

Offices 80 64 72 72 40  72 80  

Warehouses 80 64  72 40  72 80 72 

Apartments 90 72 81 81 45 72 81 90 81 

Public buildings 90 72 81 81 45  81 90 81 

Data centres    63   63 70  

Supermarkets 90 72 81 81 45  81 90 81 

Aquatic centres  72 81 81 45 72 81 90  
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2.1.2 Priority loads and sectors 

Given the results outlined above, it appears that the key C&I sectors that show the most promise for future 
development in Australia, with a score of 90 or above, are: 

• Agriculture—With more than 85,000 agribusinesses in Australia2 and many flexible loads onsite, there 
seems to be large untapped potential. While there are not many agribusinesses engaged in Australian 
demand response schemes, irrigators in South Africa have actively participated in DSM since 2004 
(Storm, Gouws and Grobler, 2016). 

• Manufacturing—Manufacturing accounts for over half of Australia’s industrial energy consumption, 
with more than 86,000 businesses. Several manufacturers are already participating in Australia’s 
emergency DR scheme—AEMO’s Reliability and Emergency Reserve Trader (RERT). 

• Water utilities—While there are under 200 water and wastewater businesses in Australia, together 
they account for 2.6% of Australia’s industrial energy consumption. There is significant interest in FD 
from large water utilities and some, like North-East Water in Victoria, are already engaging in wholesale 
spot price exposure. 

• Apartments—The sheer number of apartment blocks would be a huge resource if certain loads could 
be made flexible, particularly given most of Australia’s annual peak demand days are driven by residential 
air conditioning. The European DR-BOB (Demand Response in Blocks of Buildings) pilot at Teeside 
University and Cluj Napoca University has been testing the FD capacity of residential high-rise buildings, 
which could be applied in Australia.  

• Public buildings—While public buildings tend to be heterogeneous—including schools, hospitals, 
offices, prisons, sporting and arts facilities—there are several examples of local governments 
successfully participating in demand response and wholesale price exposure. 

• Supermarkets—HVAC&R (Heating Ventilation Air Conditioning & Refrigeration) is a large opportunity 
for supermarkets to engage with FD, however there are concerns within industry given the perishable 
nature of their product. A pilot test has been undertaken by NREL in the USA that could also be tested 
in Australia (Hirsch et al., 2015). 

Within these sectors, specific loads that could be leveraged more easily through the emergence of new 
technologies or business models may be: 

• Embedded generation in the industrial sector—Standby backup diesel generation has been proven 
to provide emergency response. There are opportunities to expand this to renewable options such as 
biodiesel and/or ‘soaking’ more onsite solar (Wyndham et al., 2019b). 

• Industrial processes—While this is a well-established form of FD, it is industry and process specific. A 
particular opportunity that has not been fully realised is water pumping, including irrigation (see above).  

• HVAC in commercial buildings—HVAC&R uses more than 22% of Australia’s electricity. There are 
examples of shedding HVAC through Energy Queensland’s Peak Smart Program (Energy Queensland, 
2019). This could be expanded to include pre-cooling options.  

• Electrical storage—This is an ideal flexible load, which can shape, shed, shift and shimmy. However 
investment paybacks are typically 5–10 years, which is outside the business case thresholds of most 
businesses (Wyndham et al., 2019a). 

 

                                                           
2 nff.org.au/media-centre/farm-facts 

https://nff.org.au/media-centre/farm-facts/
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2.1.3 How does the mix of flexible demand assets in Australia compare with the mix of assets 
internationally? 

Given the current gaps in information related to FD resource potential in Australia, a review of the 
international literature can provide further insights into the loads and sectors that are likely to be most 
prospective. In particular, there have been rigorous studies in both Europe and the United States that have 
assessed the technical potential for FD across commercial and industrial sectors. While there are variations in 
population density, climate and sectoral characteristics, there are still many similarities that can be the basis of 
useful comparisons with the Australian context. 

Europe (including UK) 

Several comprehensive analyses of European FD potential have been conducted, many of which have 
originated in Germany, owing to extensive support from the German Federal Ministry for Economic Affairs and 
Energy (BMWi). One of the most widely cited is Gils (2014), who undertook a ‘top-down’ modelling effort 
comparing the average energy usage of key industrial, commercial and residential loads. The analysis estimated 
both load reduction (93 GW of shed and shift) as well as load increase (247 GW, largely from residential loads). 
However, at times of low load flexibility and certain times of the year, this can shrink to ~10% of total potential. 
Unsurprisingly, load flexibility potential is higher in more populous countries (e.g. Germany, France, the United 
Kingdom and Italy) but, when adjusted for population size, several Scandinavian countries appear to have a 
greater FD resource. The largest load-shedding resource on average is estimated to be from commercial and 
residential HVAC (>20%), steel (9%), refrigeration (8%), pulp and paper (7%) and cement (6%). The industrial 
and commercial sectors are the dominant sectors for load shedding in Norway, Sweden and Finland, which 
have the highest per capita resource in Europe.  

The literature review of Shoreh et al. (2016) expanded on this analysis to identify key loads in the industrial 
sector that could also provide ancillary services or shimmy resources. The industrial sector was selected since 
most operations already have the technology and energy management systems in place to participate in fast-
response shimmy markets, including emergency contingency, regulation and replacement reserve. The key 
industrial loads and sectors that are likely to provide these services are:  

• electrolysis in aluminium production, though only for load reduction due to high utilisation 
• steel melt shops, though limited to half an hour 
• cement grinding mills, as proven in South Africa 
• refrigeration using thermal inertia, especially when Auto-DR is in place 
• electrochemical processes, e.g. chlor-alkali, which is well-documented in the literature; and  
• temperature adjustment in data centres, noting their high reliability requirements.  

Ancillary services could be provided by thermostatically controlled loads (e.g. HVAC, heat pumps, water 
heaters, refrigerators and freezers) in the commercial and residential sectors where there is sufficient 
minimum FD capacity and if compatible metering and control infrastructure were installed. In most cases, 
aggregation of the resource is critical to overcome the financial barriers to participation where the individual 
site contribution is not sufficient to address the constraint. Overcoming regulatory and knowledge barriers can 
assist this—for example, the UK’s regulatory system allowing aggregated load resource to participate in 
ancillary services markets, or the USA’s Green Button platform, which helps customers share energy data in an 
easy and secure way.  

Most recently, Wohlfarth et al. (2020) have taken a different ‘bottom up’ approach to estimate the potential of 
the commercial sector in Europe. The authors argue that this is critical, since commercial FD has been largely 
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underutilised or completely excluded in previous DR programs. By taking this approach, they were able to 
estimate the practical FD potential of offices, retailers, hotels and restaurants, which account for 
approximately 50% of the total electricity consumption in the commercial sector. While their estimate of 
1 TWh is significantly lower than the theoretical potential previously estimated at 5.0–9.7 TWh, it is likely that 
this figure is conservative owing to the strict assumption of only 1–2 hours of load shift per appliance per day. 
More recent industry estimations of potential at least double these assumptions, anticipating that appliances 
would be able to participate at least twice per day (unpublished research, ARENA Load Flex Study).  

In any case, significant potential was identified in ‘cross-sectoral’ processes (e.g. HVAC, electric water heating 
and refrigeration) that do not directly interfere with processes and could be aggregated easily owing to their 
homogenous distribution. For this reason, the highest practical potential was found to be in restaurants (28% 
of total commercial practical potential) and food retail (25% of total commercial practical potential), noting 
that practical potential was defined as “companies that show willingness to conduct DR measures”. Given the 
low engagement of commercial customers in FD to date, this could change if knowledge barriers were 
overcome in other sectors. These estimates also rely on the ability to effectively aggregate FD resource, which 
requires overcoming regulatory barriers as noted above.  

United States (US) 

In comparison to the wide range of journal papers published on European FD potential, most of the latest 
research in the US has been published in the form of publicly available industry reports. These studies have 
been able to draw on larger sources of more-granular data to evaluate potentials, particularly the Demand 
Response Research Center at Lawrence Berkley National Laboratory (LBNL), which is funded by the California 
Energy Commission (CEC). California is a useful comparison to the Australian context owing to its similarities 
in climate and population.3 The most recent estimates from this Center are outlined in the report from the 
third phase of the California Demand Response Potential Study (Gerke et al., 2020), which estimates the shift 
resource for California (load shed offset by a load increase at another time) in order to avoid curtailment of 
surplus renewable generation.  

The key finding is that California has an average shift resource of 5.3 GWh per day, only considering those loads 
that can be shifted at a lower cost than installing behind-the-meter battery storage. The key loads that are 
expected to provide this resource are commercial HVAC, industrial processes and agricultural pumping loads, 
with very little contribution from the residential sector. This is in addition to the existing shed resource that 
has reduced California’s peak generation capacity requirements by approximately 2 GW. Although this is 
approximately half of what was originally estimated in the second phase of the study, there is still sufficient 
resource to soak up almost all of the renewable energy that is currently curtailed (~5 GWh on average). If 
activated, this shift FD is likely to typically provide 0.1–0.2 tonnes of CO2 savings per MWh of shifted load. 
However, the most extreme curtailment days (e.g. 39 GWh in 2019) are unlikely to be covered by the projected 
FD resource without cost reductions or other mechanisms to increase available supply. The authors suggest 
the following options: 

• Market transformation4 to drive down the costs of FD or increase customer acceptance and 
participation either through: 

                                                           
3 California has a population of 39.51 million, which is approximately 1.5 times the population of Australia. 
4 The Load Shift Working Group led by the California Public Utilities Commission has proposed six product proposals to develop 

California’s load shift capacity and capabilities: (1) Load Shift Resource 2.0; (2) The Critical Consumption Period; (3) Market 
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– new market structures that allow FD to bid in the energy market alongside generation resources 
(a level playing field), or 

– new incentives outside of the market that promote FD; e.g. price-based incentives, standards for 
labelling environmental impacts, or distributors promoting target load shapes for certain 
customers. 

• Improving customer participation in, and response to, time-of-use tariffs; e.g. through better 
communication or implementing price-responsive devices. 

• Research and demonstrations to prove the shift resource and identify opportunities for cost reduction, 
technology improvement and/or better customer experience. 

• Improving communications and control technologies, including better standards to integrate them. 
• Integrating FD into organisational resource planning processes. 

Although not highlighted as a major contributor to low-cost FD in the work by LBNL, many US papers have 
further explored the potential of commercial buildings, as has been done in Europe. The rationale provided by 
Huang et al. (2020) is that this FD resource is critical, since commercial buildings account for 36% of electricity 
consumption in the US, which often coincides with peak demand. Their quantitative analysis estimated that the 
FD resource from HVAC in commercial buildings in the US is 46 GW for load increase and 40 GW for load 
decrease. Standalone retail buildings were found to be the most promising option, with 40% of the national 
flexibility potential, followed by secondary schools, strip malls and medium-sized offices (together accounting 
for 80% of flexibility potential). Again, the key recommendation for flexing commercial HVAC is to enable 
communication and control technologies that allow the resource to be aggregated for scheduling and dispatch 
by the power system. 

2.1.4 How are best practice flexible demand projects demonstrating benefit to customers?  

While it important to consider the benefits of FD from a network or market perspective, it is equally critical to 
consider them from the customers perspective. Without customer engagement it is very unlikely that the 
techno-economic potential outlined above will be realised, because most FD schemes require voluntary 
participation. The challenge lies in understanding the value to different business customers, which are not 
always comparable across commercial and industrial sectors. A widely accepted framework for understanding 
value propositions is available in the business model canvas (Osterwalder, 2004). A business model canvas 
approach offers many benefits: 

• It identifies the social, technical and economic factors that will contribute to the success of a FD 
solution. 

• It is a practical tool for applying a customer lens to research, recognising the ‘business logic’ of FD and 
its value to different actors/stakeholders. 

• It can stimulate innovation, by identifying gaps or opportunities on which new business models or 
energy market reform can capitalise. 

This section summarises the key elements of the business canvas for the industrial and commercial sectors 
that have been ranked as having high FD potential in the preceding sections. 

                                                           
Informed Demand Automation Services (MIDAS); (4) Pay for Load Shape; (5) Market Integrated Distribution Service (MINTDS) 
and (6) Distribution Load Shape. Further information is provided at gridworks.org/wp-content/uploads/2019/02/ 
LoadShiftWorkingGroup_report.pdf 

https://gridworks.org/wp-content/uploads/2019/02/LoadShiftWorkingGroup_report.pdf
https://gridworks.org/wp-content/uploads/2019/02/LoadShiftWorkingGroup_report.pdf
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The analysis of the literature follows an approach proposed by Hamwi et al. (2021), which simplifies the nine 
elements of a business canvas into three dimensions: value proposition, value creation and delivery, and value 
capture (Figure 1). The proposition is the inherent value from the product or service itself for customers and, 
for FD, can relate to several actors; e.g. energy users and aggregators. Value creation and delivery relates to the 
activities and supply chain, and the constraints or opportunities for both, which are unique in the case of FD 
since the demand-side resource is not always available. Value capture encapsulates the traditional business 
perspective cost-benefit analysis that determines the likely return on investment, which can be challenging for 
FD if insufficient value is generated for individual customers. When new market entrants solely consider the 
value capture dimension without considering the socio-technical aspects, their new product or business model 
is far less likely to succeed. This is especially so for FD, where energy customers are inherently involved in value 
creation and delivery and may often need to be aggregated to provide sufficient capacity to address the 
network or market need. 
 

 

 

 

 
 

Figure 1. Adaptation of three dimensions of the business model, derived from the business model canvas for flexible demand (Hamwi et 
al., 2021). 

 

 

 

Table 5 applies the three business model dimensions to five industrial cases and three commercial cases, which 
emerged from the rapid literature review and align to priority sectors previously identified: 
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• Industrial: 
– irrigation pumping, which is generally the largest consumer of electricity in agriculture (Storm et 

al., 2016), with over 40,000 irrigators in Australia5 
– complex treatment processes (e.g. anaerobic sludge digestion), and side-processes to treatment 

(e.g. CHP), in wastewater treatment plants, which account for approximately 1% of Australia’s 
total electricity demand and can drive network peaks account for 25–40% of operating costs for 
water utilities (Ali et al., 2020 and Musabandesu and Loge, 2021) 

– a Thermal Energy Storage (TES) system (glycol chiller and buffer tank) in food manufacturing 
(Machalek and Powell, 2019) 

– silos and stone stores that do not interfere with cement production, which accounts for 1.5% of 
industrial electricity demand in the UK (Summerbell et al., 2017) and 1.36% in Australia  

– stockpiling and delayed processes in paper manufacturing, of which there are 679 businesses in 
Australia (Rodríguez-García et al., 2016a). 

• Commercial (Sisinni et al., 2017), which has been investigated by the Horizon2020-funded project DR-
BOB (demand response in blocks of buildings) and seeks to aggregate sufficient FD resource at four 
pilot sites:  
– HVAC, CHP, equipment, chillers and pumps, and home appliances on university campuses in the 

UK and Romania to compare well-established and emerging FD markets 
– heat pumps and equipment in offices in France, which also has a well-established FD market 
– chillers, trigeneration and food carts in hospitals in Italy, which has limited access to FD markets 

through solely implicit (pricing) schemes.  

Despite the different FD applications in each sector, several recurring themes emerged from the case studies. 
It is critical that FD does not interfere with the primary purpose of the facility, which often leads to seasonal 
variations in the demand-side resource capacity. There is likely to be lower FD potential from continuous or 
complex processes compared with complementary resources to core processes such as CHP, TES or 
leveraging stockpiles in the process. Automating FD is likely to unlock more potential than has been estimated 
in case studies where manual operation was necessary. There are challenges related to monitoring and 
evaluating FD availability and provision, in particular when establishing baselines. Finally, “flexibility can only be 
used once” (Sisinni et al., 2017). For example, if a load is shed then it cannot be simultaneously (or even within 
a couple of hours) shimmied. Thus, future development of FD schemes should consider cannibalisation of 
various markets, noting that customers will likely seek those that offer highest value and lowest cost (including 
overhead from engagement). 

The rationale behind each of the case study research studies was to provide the necessary evidence for 
businesses to justify investment or participation in FD. Rodríguez-García et al. (2016a) argue that tools must be 
made widely available to businesses to unveil hidden FD potential in their processes and/or assets that could be 
aggregated for significant market and/or network benefit. The authors present an option that can be applied to 
both commercial and industrial sectors, which is a current gap in the literature; e.g. the Demand Response 
Quick Assessment Tool (DRQAT) developed by Lawrence Berkeley National Laboratory is solely applicable to 
buildings.6 The core elements required in a holistic tool (including environmental evaluation) are outlined in 
Figure 2. An open-source version of this tool could be a high-impact research contribution to unlock 
substantial FD resource from Australian businesses.  
 

                                                           
5 www.nswic.org.au/pdf/irrigation_statistics/Facts%20Figures.pdf 
6 eta.lbl.gov/resources/software/drqat  

http://www.nswic.org.au/pdf/irrigation_statistics/Facts%20Figures.pdf
https://eta.lbl.gov/resources/software/drqat
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Figure 2. Required inputs and outputs of an FD benefits estimation tool. Adapted from Rodríguez-García et al. (2016b). 

 

 

Table 5. The value of flexible demand to business customers. 

 
 
Customer  

Reference and 
description (if 
applicable) 

Value proposition  
(product,7 market segment,8 
service attributes9) 

Value creation and delivery 
(resource, availability, flex 
mechanism,10 comms channel) 

Value capture 
(cost structure and 
revenue model) 

Agriculture 
(irrigation 
pumping) 

Storm et al. (2016) 
 
Pumping irrigation 
water from canals, 
rivers, holding dams or 
bores. 

Product: system reliability, load 
shaping, valorisation of customer 
flexibility. 
 
Segment: capacity planning (Eskom 
DSM program now called Non-
dispatchable Demand Response), 
price-responsive markets (Ruraflex). 
 
Service attributes: shifting 
(symmetric) irrigation energy use 
away from the evening peak:  
• 1–4 hours between 4 and 8 pm 
• 14-day or 30-day notification 

period. 

Resource and availability: 11 
Side process (irrigation). 
Threshold to participate is 2 MW 
load or 15% of average weekday 
site load. For irrigators, this 
depends on: 
• likely 15–30% availability of 

installed theoretical FD 
capacity (40% as an outlier) 

• pump size, which ranges from 
1.2 to 300 kW (some pump 
stations can hold >10 different 
sized pumps)  

• external factors such as 
rainfall or water allocations 
resulting in farmers overriding 
signal. 

 
Mechanism: VPP, load shifting. 
 
Communication: Automatic 
(with override option). 
 

Cost structure: Initial 
investment = retrofitting 
irrigation pumps with timers 
+ remote control equipment 
+ GPRS communication 
devices + meters. 
 
Revenue model: 12 Lower 
electricity prices from off-
peak usage + DSM incentive 
from peak shaving and/or 
load shifting (R800/MWh for 
a 14-day notification period 
or R600/MWh for a 30-day 
notification). 

                                                           
7 capacity provision, system reliability, market efficiency, congestion management, load shaping, procurement improvement, and 

valorisation of customer flexibility 
8 capacity planning, electricity wholesale market, ancillary service market, price-responsive markets 
9 response speed, response duration, advance notice, utilisation rate, load direction 
10 aggregation, virtual power plants (VPPs), up-scale control, complementary resources, load shifting, load reduction, and standby 

DR 
11 continuous process, complex process, side process 
12 www.eskom.co.za/sites/idm/ManageYourConsumption/Pages/Nondispatchabledemandrespond.aspx 

http://www.eskom.co.za/sites/idm/ManageYourConsumption/Pages/Nondispatchabledemandrespond.aspx
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Customer  

Reference and 
description (if 
applicable) 

Value proposition  
(product,7 market segment,8 
service attributes9) 

Value creation and delivery 
(resource, availability, flex 
mechanism,10 comms channel) 

Value capture 
(cost structure and 
revenue model) 

Manufacturing 
(thermal 
storage) 

(Machalek and 
Powell, 2019) 
 
Pre-cooling of thermal 
storage—chilled glycol 
buffer tank with a 
range of −8 to 0°C—
with a primary use of 
temperature control.  

Product: congestion management 
(demand charge), load shaping, 
valorisation of customer flexibility.  
 
Segment: price-responsive markets, 
under TOU pricing to incentivise 
peak-levelling using 15-minute intervals 
(6B of Rocky Mountain Power). 
 
Service attributes: Short-term 
symmetric response duration of 15 
minutes to 2 hours. 

Resource and availability: TES 
is a side process, as a secondary 
use to temperature control, 
facilitated by short-term power 
oscillations innate to the 
manufacturing facility. Total 
storage =  
• ~41.8 kWh theoretical 

potential 
• ~30 kWh realistic potential.  
 
Mechanism: load shifting, 
complementary resources. 
 
Communication: Automatic via 
programmed controller. 
 

Cost structure: Initial 
investment = sensors & 
installation ($500) + 
controller programming 
($500) + expansion of 
thermal energy storage 
capacity (if necessary and 
not required in this case). 
 
OPEX = monthly peak power 
estimates ($25 per month). 
 
Revenue model: Achieved 
a 2.0–7.3% peak reduction 
(~20 kW) for the facility. This 
provides bill savings of $100–
425 per month (2.0–3.3% of 
total bill). 
 

  Ali et al. (2020) 
 
Mainly complex 
processes: 
1. activated sludge 

aeration 
2. sludge pumping 
3. dewatering 

(biosolid 
thickening) 

4. recirculation 
pumps (backwash 
filter)  

5. cogeneration 
(alternate 
methodology for 
supply-side 
flexibility). 

 

Product: Nil specified; likely capacity 
provision, system reliability, 
valorisation of customer flexibility. 
 
Segment: Nil specified. 
 
Service attributes: Likely 
asymmetric 
1. response duration of 2 hours 

(likely to be downgraded to 30 
min) 

2. response duration of 2 hours  
3. response duration of 2 hours  
4. response duration of 24 hours  
5. dispatchable (5 × current 

capacity). 
 
Notification time unknown. 
 

Resource and availability:  
Demand- and supply-based using 
complex processes. Total shiftable 
load ~50% of WWTP electricity 
demand over 48 hours, which may 
be reduced to 20–30% of 
available tertiary load: 
1. 55% of installed (process) 

capacity 
2. 10% of installed capacity 
3. 7% of installed capacity 
4. 6% of installed capacity 
5. 300MW sewage methane.  
 
Mechanism: Aggregation, load 
shifting, standby DR. 
 
Communication: Manual, with 
scope to automate. 
 

Cost structure: 
Potential initial costs to re-
design plant to add biogas 
(or other stockpiling) 
storage capacity and/or allow 
for load shifting without 
adverse consequences e.g. 
odour and health risks. 
 
Co-generation: Capex 
($4,663/kW); fixed O&M cost 
($109/kW/year); variable 
costs ($28/MWh) = 
$38.8/MWh over 45 years 
(0.85 capacity factor). 
 
Revenue model: 
Not specified but noted 
financial returns on 
additional capex to facilitate 
load flexibility are not always 
economically viable. 
 

Musabandesu and 
Loge (2021) 
 
Mainly side processes: 
1. CHP generation 

(supply-side 
flexibility) 

2. diverting flow 
equalisation basins 
(FEBs) 

3. on-site battery. 
 
NB: Previous 
participation in Pacific 
Gas & Electric 
Company’s 
(California) Base 
Interruptible Program 
provided $69,280 for 
responding 2–3 times 
per annum, which 
appears to be much 
more attractive to a 
complex WWTP. 
 

Product: capacity provision, system 
reliability, valorisation of customer 
flexibility. 
 
Segment: electricity wholesale 
market (CAISO’s day-ahead and real-
time Proxy Demand Response (PDR) 
Program with minimum bid of 
0.1 MW), price-responsive markets 
(peak/partial-peak). 
 
Service attributes: Aggregated 
symmetric and asymmetric response 
duration tested for 2, 4 and 6 hours. 
Most likely to participate in dry season 
(May–Oct), once per day, Tue–Fri. 

Resource and availability:  
Demand- and supply-based using 
side processes.  
 
1. <1 MWh CHP engine (PF 0.89) 
2. 2 × FEBs, reducing load 

<500 kWh 
3. Discharge a 2 MW Tesla 

battery <200 kWh. 
 
Mechanism: Aggregation, load 
shifting, load reduction, standby 
DR. 
 
Communication: Manual, by 
WWTP operators, with scope to 
automate. 
 

Cost structure: 
Initial investment = SCADA 
sensors + time-series energy 
meters + battery + inverter + 
retrofitting 2 existing FEBs 
with selective catalytic 
reduction emissions control 
units. 
 
OPEX = minor energy cost to 
divert flow in and out of 
FEBs + increases in natural 
gas for additional CHP. 
 
Revenue model: 
Up to 4.8% in cost savings 
from total bill (up to $68,344 
per annum) from both PDR 
participation and shifting 
from peak to partial-peak 
TOU tariffs. 
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Customer  

Reference and 
description (if 
applicable) 

Value proposition  
(product,7 market segment,8 
service attributes9) 

Value creation and delivery 
(resource, availability, flex 
mechanism,10 comms channel) 

Value capture 
(cost structure and 
revenue model) 

Cement Summerbell et al. 
(2017) 
1. stone crushers 

(buffer = stone 
store) 

2. raw and cement 
mills (buffer = 
silos). 

 
The estimates are 
expected to be 
conservative given (1) 
the undervaluation of 
energy efficiency co-
benefits from better 
visibility of electricity 
usage, (2) the full 
value of the wholesale 
spot price, and (3) the 
future increases in 
value for flexibility as 
more renewable 
generation is 
integrated leading to 
more attractive 
pricing and additional 
incentives. 
 

Product: load shaping, valorisation of 
customer flexibility, and possibly 
market efficiency. 
 
Segment: price-responsive markets. 
 
Service attributes: Advance notice: 
assumed that prices are available one 
week in advance. 
 
Response speed and duration: 
process scheduled three days prior. 
 
Utilisation rate of process: 70–80% 
for cement plants, noting the goal of 
the factory is to maximise production.  
 
Load direction: symmetry (solely 
shift not shed). 

Resource and availability: Load 
shifting potential is driven by the 
capacity of the process 
bottleneck (the dry kiln with 
precalciner). The average 
electricity consumption for a 
cement plant was benchmarked 
at 111 kWh/t cement. The smallest 
inventory store is ~300 MWh. 
Average load shifted is 1 MW with 
a short-term forecast, which is 
conservative compared to other 
studies.  
 
Mechanism: load shifting. 
 
Communication: Manual, 
process rescheduling three days 
prior. 
 

Cost structure: 
No additional costs are 
assumed given all the 
required information was 
available for the model 
development and the 
approach was process 
rescheduling. However, it 
was noted that there are 
likely to be some minor 
financial constraints e.g. 
preventative maintenance of 
equipment. 
 
Revenue model: 
Estimated 4.3% cost savings, 
which could be in the order 
of £350,000 per annum for a 
typical cement plant. 
 
An equivalent reduction of 
4% of carbon savings is 
expected from shifting 
electricity usage to times 
when the grid is lowest 
carbon intensity. This is 
equivalent to 2,000 t/year 
CO2. 
 

Pulp and paper Rodríguez-García et 
al. (2016a) 
1. Pulp can be 

stockpiled to delay 
paper 
manufacturing.  

2. The paper winder 
can be delayed 
before the final 
product is 
rewound for 
customers. 

3. Final product can 
be stockpiled 
before being 
warehoused or 
shipped, delaying 
energy 
consumption from 
suction lifts.  

 

Product: system reliability, 
valorisation of customer flexibility. 
 
Segment: ancillary services (German 
reserve energy market). 
 
Service attributes: Asymmetric 
1. Response duration of 30 minutes 

with 1-hour notification time  
2. Response duration of 30 minutes 

with 15-minute notification time  
3. Response duration of 30 minutes 

with 10-minute notification time.  

Resource and availability:  
1. 980 kW, 2 h recovery, side 

process 
2. 36 kW, 4.5 h recovery, side 

process 
3. 5 kW, 1 h recovery, side 

process. 
 
Mechanism: Aggregation, load 
shifting. 
 
Communication: Automatic or 
semi-automatic implementation 
via aggregator. 
 

Cost structure: 
Initial investment ~€130,000 
= flexibility audit + metering 
+ monitoring & control 
equipment + installation of 
additional pulp storage tank. 
 
Variable costs from costs of 
control. 
 
Revenue model: 
Payments from reserve 
energy market13 
IRR = 30.6%; PP = 2.2 years 
IRR = 12.1%; PP = 3 years 
IRR = –83.2%; PP = >5 years. 
 
Excluding non-profitable DR 
processes, annual net benefit 
is estimated as 
~€70,000/year. 
 

                                                           
13  IRR = internal rate of return, PP = payback period. 
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Customer  

Reference and 
description (if 
applicable) 

Value proposition  
(product,7 market segment,8 
service attributes9) 

Value creation and delivery 
(resource, availability, flex 
mechanism,10 comms channel) 

Value capture 
(cost structure and 
revenue model) 

Buildings Sisinni et al. (2017) 
 
Four pilot sites: 
1. UK (university): 

HVAC, micro CHP, 
laboratory 
equipment, EV 
charging, backup 
generators 

2. France (offices): 
heat pumps, office 
equipment, boilers, 
PV 

3. Italy (hospital): 
chillers, 
trigeneration 
(CCHP) 
equipment, food 
carts 

4. Romania 
(university): 
chillers, HVAC, 
pumps, personal 
computers, 
laboratory 
equipment, 
washing machines. 

 
 

Product: Ranging from fully-
developed DR markets (UK, France) to 
partially-developed (Italy) and under-
developed (Romania): 
1. DR schemes under UK National 

Grid: capacity provision (CPP), 
system reliability (STOR & FCDM), 
load shaping (TOU tariffs, DTU), 
valorisation of customer flexibility  

2. capacity provision (French 
capacity market), load shaping 
(TOU tariffs and virtual microgrid), 
valorisation of customer flexibility 

3. capacity provision (virtual CPP), 
load shaping (TOU tariffs), 
valorisation of customer flexibility 

4. capacity provision (virtual CPP), 
congestion management (virtual 
direct load control), valorisation of 
customer flexibility. 

 
Segment:  
1. capacity planning, electricity 

wholesale market, ancillary service 
market, price-responsive markets 

2. capacity planning, electricity 
wholesale market, price-
responsive markets 

3. electricity wholesale market, price-
responsive markets 

4. capacity planning. 
 
Service attributes: both asymmetric 
(shed and standby DR) and symmetric 
(shifting and up-scale control) 
 

Resource and availability:  
1. up to 700 kW, mostly derived 

from HVAC and CHP 
2. resource not quantified, 

mostly derived from heat 
pumps and office equipment 

3. 350 kW of aggregated assets 
4. <100 kW of aggregated assets. 
 
Mechanism:  
1. aggregation, up-scale control 

(HVAC), load shifting, load 
reduction, standby DR 

2. aggregation, VPP, 
complementary resources, 
load shifting, standby DR 

3. aggregation, complementary 
resources, load shifting, 
standby DR 

4. aggregation, up-scale control, 
load shifting. 

 
Communication: automatic and 
adaptable to demand, pricing and 
weather. 
 

Cost structure: initial 
investment (across pilots) = 
Local Energy Manager 
(Teeside University) + 
Consumer Portal 
(GridPocket EcoTroksTM) + 
Decentralised Energy 
Management System 
(Siemens) + advanced 
monitoring and control 
systems. 
 
OPEX = operators + licences 
for software and/or BMS 
tools + maintenance. 
 
Revenue model: Pilot sites 
leveraged several revenue 
models including: TOU 
tariffs, critical peak pricing, 
frequency response 
payments, load increase 
incentives, and capacity 
markets. 
 
The estimated cost-savings 
and revenues for each pilot 
site are: 
1. 3–5% cost savings (from 

total bill) by responding 
to price signals, and 7–
10% potential revenue 
from incentives 

2. 2–4% cost savings by 
responding to price 
signals, and 5–8% 
revenue from incentives 

3. 5–10% cost savings by 
responding to price 
signals 

4. 5–10% cost savings by 
responding to price 
signals. 

 
 

The following sections propose novel technical and mostly established market and incentive mechanisms that 
could unlock the network and customer benefits that have been described. These are specifically intended to 
address barriers that have been outlined in the Barriers Literature Review. 
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What role is Industry 4.0 expected to play in flexing C&I energy demand? 

Overcoming the technical barriers to FD will require a suite of solutions including better data, improved data 
analytics and greater autonomy for individual loads to flex themselves. These solutions can mostly be 
categorised under the umbrella of Industry 4.0—the fourth industrial revolution—that is, the digital 
transformation of industry. This includes: Artificial Intelligence (AI), Internet of Things (IoT), remote control, 
robotics and automation, and cloud computing. Industry 4.0 is described as “enabling informed yet 
autonomous decisions” for flexibility and agility (Ghobakhloo and Fathi, 2021), which directly translates to the 
objectives of FD. 

To assess the current state of Industry 4.0 for FD, this research has used the CSIRO framework for Digital 
Innovation, which describes how digital innovations combine to create business processes that integrate data 
through to decision making. The cycle of advanced data systems moves through data capture, data 
management, data analysis to decision and action (AlphaBeta, 2018). Applied to FD, this can be extrapolated to 
account for key Industry 4.0 technologies in the electricity industry: 

• data capture—IoT (including new sensors)  
• data management—energy and building management systems (EMS/BMS), digital user interfaces, 

behind the meter aggregation (e.g. Virtual Net Metering Infrastructure (NMIs), peer-to-peer trading via 
blockchain) 

• data analysis—applications of AI such as forecasting or designing schedules or pricing schemes and 
digital twins of loads, sites or even customers 

• decision and action—Distributed Energy Resource Management Systems (DERMS, which are largely 
commercial), Automated Demand Response (ADR) and transactive control.  

This section summarises key peer-reviewed papers and industry references on these topics, and includes 
proposed areas for future research.  

Data capture—the Internet of Things (Kailas et al., 2012; Onile et al., 2021) 

The concept of IoT is creating a local network of devices—e.g. loads, generators, sensors—that can enable 
energy management applications to monitor and control them. It is about building a platform for 
communication.14 There is no one definitive ‘best’ IoT platform, and choosing one requires a number of trade-
offs. The key trade-offs that need to be considered are range, power consumption, interoperability, bandwidth 
and cost. For instance, cellular networks are a widespread and reliable option, but often come at a high 
financial and energy cost. ZigBee is a lower cost wireless option, while still being reliable; however, it is not as 
easily integrated to all grids as it requires a ZigBee-to-IP translation. Low-power wide-area networks (LPWANs) 
are emerging as strong internet-connected alternatives that are low cost and low bandwidth; however, these 
technologies are still under active development. Thus, investigating IoT options, particularly LPWANs, for FD 
applications is a promising candidate for future research. 

A complementary data analytics innovation to IoT is the advent of digital twins. Digital twins have been defined 
as “a virtual representation of a rare or real-life assets such as services, products or machine with the models” 
(Onile et al., 2021). They allow real-time data to be integrated, analysed and manipulated without adverse 

                                                           
14 There are many options for a platform, which can be either wired or wireless. Wired communication platforms require either 

an electrical, telephone or optical fibre line; e.g. ethernet or fibre optic. Wireless communication platforms use radio frequency 
and have overtaken most wired options. The most common wireless options are cellular (3/4/5G), WiFi, Zigbee, Bluetooth (BLE) 
and Low Power Wide Area Networks (LPWANs; e.g. LoRaWAN). 
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consequences for the real asset itself. For example, different process schedules to maximise FD can be tested 
on a digital twin before onsite implementation, reducing unforeseen impacts on production if the FD strategy 
is not successful. The usefulness of digital twins for IoT platforms for FD is expected to be threefold: 

1. better energy consumption forecasts, which can help better support a business’s FD resource 

2. better understanding of behavioural factors, which will improve energy management services 

3. optimising machine/device operations by intelligent service updates; e.g. by responding to market signals 
or early detection of faults.  

Several digital twin options have already entered the market, such as Honeywell’s energy monitoring software 
and ABB’s PV solution product; however, there is still a very active research area investigating how digital twins 
can extend FD resources that could be further explored. 

Data management systems 

As alluded to previously, information provided by IoT platforms is only useful if it is acted on, such as via an 
EMS or BMS. However, an EMS or BMS does not require an IoT platform to be effective. Although an EMS/BMS 
needs information to recommend action, this can be sourced from non-networked sensors or monitoring 
devices. They also can directly control the devices that are managed, but must not necessarily do so. That is, 
information can be passively provided to a human user who can then manually change the operation of the 
device(s). There are many data management systems on the market. Thus, innovations to the provision of data 
to the management system (new IoT and AI options) and control of the devices once that data has been 
received (e.g. ADR, market platforms) appear to be more fruitful areas for research. 

An area of data management that may offer promise for the development of new market mechanisms is 
aggregating devices, sites and/or customers behind the meter. In Australia, there have been cases where 
businesses have aggregated loads and generators (e.g. wastewater treatment, refrigeration, onsite generation) 
under a ‘Virtual NMI’ to maximise their benefits from FD, for example by ‘soaking up’ more onsite solar to 
reduce the costs of grid electricity. A similar approach could be used for different business sites or even 
different customers (e.g. peer-to-peer trading through blockchain), however this is not easy or even possible 
within current market regulations. Novel business models within the current rules and reform options to 
improve energy market regulation, including improving fair payment for energy services, may be two options 
for policy researchers to pursue on this topic.  

Data analysis—applying artificial intelligence (Antonopoulos et al., 2020) 

AI is an enormous research area across disciplines and FD is no exception. Since the definition of AI is the 
study of intelligent agents, and an agent is anything that can perceive its environment and act upon it, there are 
many areas where improved data analysis through AI can assist FD. In particular, there are significant research 
efforts towards more accurate load and price forecasting and/or better (including more granular) control of 
loads. Four categories of AI approach15 have been applied in the following ways and show promise for future 
research: 

 

                                                           
15 The four groups of AI methods are multi-agent systems, machine learning, artificial neural networks and nature-inspired 

intelligence. A useful visual representation of the methods within these categories is provided in Antonopoulos et al. (2020). 
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• Reinforcement learning (a subset of machine learning) for dynamic control (e.g. ADR) of aggregated 
assets. This is particularly relevant for smaller residential and commercial loads, which are often 
heterogeneous and distributed. However, there is room to improve the reliability of the models, which 
are still less mature than model predictive control methods. 

• Multi-agent systems have been shown to be useful for designing pricing and incentives for similar 
groups of disaggregated entities. In these cases it is important to factor in the interests and objectives of 
the participating entities for best practice design. However, these are highly complex problems to solve 
and may be best approached in a hybrid manner in near-term applied research. 

• Nature-inspired algorithms have also been used to design pricing and incentives, as well as better 
scheduling of tasks. However, these algorithms are less commonly used than other AI methods, and 
have had issues with premature convergence and unpredictable results. 

• Artificial neural networks are sometimes considered both machine learning and/or nature-inspired 
algorithms. However, ANNs are commonly used for FD applications and are especially suited to 
forecasting. There is an opportunity to extend previous research from ‘single-layer ANN’ to deep 
learning, where there are two or more layers for multiple levels of machine learning. 

There is also a significant lack of research focused on the C&I sector, as most research has been conducted on 
residential customers. As mentioned above, AI research is well suited to smaller C&I loads that are 
heterogeneous, disaggregated and owned by different entities with their own individual interests.  

Decision and action—advanced control (Samad et al., 2016; Hu et al., 2017) 

Much of what has been proposed in AI research relies on the deployment of ADR. While ADR is not a new 
concept—in fact the OpenADR Alliance was formed in 2010 by industry—it is still very far away from becoming 
a reality. There are many advocates who suggest that the full potential of FD will not be realised without it, 
since the time required for human intervention inherently limits the real-time responsiveness that is necessary 
for many applications, such as shimmy FD. Most examples of ADR to date have been in either HVAC or lighting. 
Thus, there are plenty of other end-use options to expand its application in pilots or demonstrations.  

In addition to the desirability of remotely controlling loads, it is also desirable for them to transact with the 
energy market. Current technological options for participating in the market are limited and, in Australia, are 
required by regulation to be managed by a market participant; i.e. a retailer or aggregator who transacts on 
their behalf, either on terms passed through from the market or through a contract for service. Transactive 
control is “a framework that enables actors to interact with each other through an economic signal, in order to 
optimize the allocation of resources” (Hu et al., 2017). This is an attractive solution to the emerging dilemma 
for controlling and coordinating a disaggregated suite of DER that is expanding on distribution networks 
worldwide. While there are many versions of transactive control, they can largely be considered to be based on 
either a one-time information exchange (e.g. the more commonly applied clearinghouse, useful for real-time 
control), or iterative information exchange-based (more useful for real-time scheduling). Most commercial 
demonstrations of transactive control use the simpler one-time exchange strategy, but there is emerging 
research investigating iterative options, particularly in relation to EV smart charging. A pilot demonstration in 
Australia is the decentralised energy exchange (deX), which was developed in 2017.16  

Areas that have been flagged for future research in both ADR and transactive control include: better 
understanding the responsiveness (lead time and duration time) of DER for different customers; creating 

                                                           
16 Further information on this pilot study can be found at arena.gov.au/projects/decentralised-energy-exchange-dex 

https://arena.gov.au/projects/decentralised-energy-exchange-dex/
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efficient, standard and transparent markets and interfaces for customers; better characterising baselines for 
accurate transactions; and understanding lead and rebound effects. 

2.1.5 What pricing and/or incentive options would make the most significant difference to uptake of 
flexible load opportunities? 

While technical solutions will go some way to addressing barriers to FD, another key lever is better incentives, 
including pricing. Incentives, such as rebates and cash inducements, are frequently offered to encourage 
demand side management. A smaller proportion of programs are based on tariff or price-based incentives. 
Other incentives include subsidised improvements to customer energy efficiency (free or subsidised 
equipment, discounted equipment from facilitated bulk purchase, attractive finance terms) and gifts or 
merchandise. There is opportunity to match pricing and incentives to customer and FD capability to achieve a 
better outcome for both the FD provider and purchaser. If successful, these mechanisms have the potential to 
overcome market and cultural (but not economic) barriers. 

Incentive-based demand response has been the traditional approach to promote FD, in particular load shed, 
and is estimated to currently contribute 93% of peak-load reductions in the US market (Lu and Hong, 2019). 
There are benefits to this approach compared with energy price-based options from both the networks’ and 
customers’ perspective: for networks, FD can be dispatched when needed, while for customers the scheme is 
perceived as less risky than constant exposure to price variation. However, existing incentives and much of the 
current research are still limited by: (1) the market requirement to set incentives a ‘day ahead’; (2) lack of 
customer-centricity in the types of incentives in a ‘one size fits all’ approach; and (3) reliance on primitive 
implementation methods (e.g. models) that are neither flexible nor scalable. As described in the preceding 
section, there is scope for innovation in improving the efficacy and efficiency of incentives through improved 
data analysis and advanced control using AI. Novel incentives based on AI could be designed to better respond 
in real-time and/or to respond to more-accurate load or supply forecasts.  

Lu and Hong (2019), for example, propose a 
novel algorithm for developing real-time 
demand response incentives using deep neural 
networks followed by reinforcement learning 
(Figure 8). Deep neural networks are useful for 
better wholesale price and customer load 
forecasting. Reinforcement learning can then be 
used to develop more customer-savvy, cost-
reflective incentives that are easy to implement, 
since it does not need additional advanced 
models to be developed. Since the solution is 
developed from the perspective of a service 
provider (e.g. retailer or aggregator), 

 

 

 

Figure 3. Reinforcement learning to develop optimal incentives. 
Adapted from (Lu and Hong, 2019). 

which will seek to maximise profit by minimising the incentive, it may not deliver the best value to the 
customer. Rather it will deliver sufficient value for them to provide the flexible demand. The results 
demonstrated that real-time incentives could follow the trend of wholesale prices, likely triggering greater 
customer action at times of higher network need; i.e. at the right time. However, the authors acknowledge that 
this reinforcement learning solution relies on ADR to achieve the optimal rolling real-time incentive.  
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An alternative option that can in some circumstances represent a disincentive to the timely provision of FD is a 
rolling network capacity charge, or demand charge, which is commonly used in Australia. Demand charges are 
costs added to a customer’s bill that are determined based on the highest point of demand over a period of 
time (e.g. month, quarter or year). They are designed in this way to incentivise customers to reduce their peak 
demand in order to address critical peak demand, where the reliability of supply is challenged and/or the 
marginal cost of network investment is extremely high; i.e. to cover very few instances per year. However, this 
assumes that the customer’s peak demand aligns with the network’s critical peak demand, and where these are 
not aligned, the incentive is absent.  

Two key studies have identified the potential opportunities and risks of pursuing novel approaches to demand 
charges. In their quantitative analysis, Khalilpour and Lusis (2020) argue that well-designed demand charges (a 
fixed charge based on the highest demand in a previous billing period) are beneficial in two ways: 

1. by incentivising customers to invest early in demand-side measures, such as energy efficiency and 
storage, that will lower critical network peaks  

2. incentivising customers to minimise energy export from onsite generators (e.g. solar PV) that they have 
installed.  

However, Richstein and Hosseinioun (2020) argue that demand charges are blunt instruments, particularly for 
industrial customers that have high utilisation of process assets, that could potentially stymie investment in 
additional FD capacity (e.g. process capacity) and participation in other FD markets (e.g. reserve markets). This 
echoes the message in a previous section that “flexibility can only be used once”. Thus, where networks and/or 
customers desire demand charges to continue as a tariff mechanism, future research should focus on: 
improving their alignment with critical network peak and minimum demand times, and avoiding cannibalisation 
of more valuable FD markets from both the customer and network perspectives.  

Given the challenges facing incentive-based mechanisms, time-varying pricing options have often been 
promoted as the most cost-effective and targeted mechanism for unlocking FD if customers can be convinced 
to take on the high perceived risk. Variable pricing is particularly suitable to incentivise shift demand response 
for addressing the variable generation of renewable energy or narrowing extreme loads (maximum and 
minimum loads) on network infrastructure. It includes time-of-use (TOU) tariffs, where prices vary by time 
periods that are generally longer than an hour and specified well in advance, and real-time pricing (RTP) where 
prices vary in line with the wholesale market. The US market currently has the most widespread and diverse 
range of pricing options, which have been studied in-depth given the excellent data sets available including the 
extensive annual (e.g. 2015) Federal Energy Regulatory Commission (FERC) survey of demand response in the 
electric power industry. Although US states differ from Australia in terms of market structure, population level 
and density, and climate, it is one of the best cross-sectoral analyses available to date. Two US studies based on 
the 2015 FERC studies provide useful insights into future research areas to develop effective TOU tariff and 
RTP options that may unlock additional FD.  

Wang and Li (2015) evaluated the effectiveness of 43 TOU tariff programs targeting industrial customers. 
These are considered the ‘low hanging fruit’ of pricing programs that are easier to communicate to customers 
and, once production processes are adjusted, accommodate customer response fatigue to the signal. The 
breakdown of the types of customer participation to TOU programs were: 70.1% opt-in, 24.75% mandatory 
participation, 2.7% opt-out and 2.45% not disclosed. The research modelled three scenario cases against the 
targeted TOU programs, investigating both the flexibility of start-time of the process schedule and the 
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potential flexibility related to the plant utilisation with a proxy of one to three ‘shifts’ of eight hours each. The 
analysis found a wide range of savings (−72–82.6%), which can be influenced by three key elements: 

• Moving to a TOU tariff without changing production schedule will usually increase costs for customers, 
because production generally falls within the on-peak period. 

• Customers who will benefit the most from TOU tariffs are those who run over one or two shifts and can 
adjust their production schedule. Of course, this might not be very attractive to the staff working these 
shifts and could lead to additional costs elsewhere; e.g. additional wages. Sites operating 24/7 will likely 
increase their costs. 

• Helping customers to respond to TOU tariffs, including helping them understand the tariff and develop 
response strategies (acknowledging response fatigue), is critical to their success. 

Nezamoddini and Wang (2017) used a similar methodology to analyse RTP mechanisms targeting industrial 
customers, noting that these programs were far less common than TOU tariffs. While these programs were 
found to potentially provide more customer benefit than TOU tariffs (25 RTP cases versus 18 TOU cases of the 
35 scenarios demonstrated benefit), there was also a higher risk if customers could not respond appropriately. 
For this reason, there is significant customer reluctance to participate and quick drop-out rates if customers 
experience bill shock. The benefits, opportunities, costs and risks of RTP are summarised in Table 6. The 
overarching findings of the research were that: 

• RTP programs should focus on customers that will likely receive the greatest benefit either by having 
inherently highly flexible assets (including storage) or by having high electricity usage/costs. 

• If wider rollout of RTP is preferred, a two-part program may be the best option, which can reduce the 
risk for less flexible business by measuring the response against a baseline load curve. 

There is substantial research potential to improve RTP program development and implementation, in 
particular: facilitating hardware and/or software upgrades that can facilitate customer responses to price 
signals (e.g. advanced metering/monitoring and ADR); developing data analytics to improve baselines in cases 
where baselines are required; and, similarly to TOU tariffs, facilitating customer awareness and engagement in 
programs to lower the customers’ perception of risk. Further market opportunities to unlock FD potential are 
discussed in the Flexible Demand and Demand Control Pricing, Policies & Incentives Literature Review (CSIRO, 
2021). 
 

Table 6. The BOCR assessment for real-time pricing programs. Adapted from Nezamoddini and Wang (2017). 

Benefits Opportunities Costs Risks 

peak capacity reduction wholesale market price 
reduction 

back-office costs inequality and customer 
price risks 

electricity bill savings renewables utilisation  investing in smart appliances no charge for future 
facilities 

overall efficiency increment environmental effect required smart metering income lost for network 
businesses 

full utilisation of non-flexible 
generation  

 communication frameworks improper adoption of 
pricing policies 
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2.2 Overview of included studies 
 

 
First author_ year 

 
Title 

 
Main topic 

Paper/ 
report type 

 
Geography 

 
Sector focus 

 
Funding / CoI 

 

How much flexible demand resource is available internationally? 

Gils_2014  Assessment of the 
theoretical demand 
response potential in 
Europe 

A quantitative bottom-
up assessment of the 
theoretical potential 
of industrial DR 

Quantitative 
analysis of 
industrial 
production and 
electricity 
consumption 
statistics 

Europe 
(Germany) 

Residential, 
commercial & 
industrial 

German Federal 
Ministry of Economics 
and Technology  

Wohlfarth_2020 Demand response in 
the service sector—
Theoretical, technical 
and practical 
potentials 

A comprehensive 
analysis of DR 
potential of the 
European service 
sector 

Quantitative 
analysis of a 
survey of 1,500 
German 
companies 

Europe 
(Germany) 

Commercial Supported by two 
projects funded by the 
German Federal 
Ministry for Economic 
Affairs and Energy 
(BMWi) 

Shoreh_2016 A survey of industrial 
applications of 
Demand Response 

A comprehensive 
review of DR 
applications in the 
industrial sector 

Review article Europe  Industrial Supported through 
the European Regional 
Development Fund 
(FEDER) and the EU 
7th Framework 
Programme 

Gerke_2020 The California 
Demand Response 
Potential Study, Phase 
3: Final Report on the 
Shift Resource 
through 2030 

A quantitative 
assessment of the 
future potential 
resources for shift DR 
to 2030 

Quantitative 
analysis, using a 
bottom-up 
modelling 
framework using 
customer smart 
meter data  

United States 
(California) 

Residential, 
commercial & 
industrial 

California Institute for 
Energy and 
Environment, which is 
funded by the 
California Public 
Utilities Commission  

Huang_2020 An assessment of 
power flexibility from 
commercial building 
cooling systems in the 
United States 

A quantitative 
assessment of the DR 
potential of HVAC in 
US commercial 
buildings 

Quantitative 
analysis 
simulations using 
EnergyPlus 

United States 
(California) 

Commercial Nil disclosed  

       

How are best practice flexible demand projects demonstrating benefit to customers? 

Hamwi_2021 Demand response 
business model 
canvas: A tool for 
flexibility creation in 
the electricity markets 
Michael 

A demand response 
business model 
(DRBM) framework 
and tool to evaluate 
untapped DR 

A literature 
review and 
empirical data 
from a case study 

Europe 
(France) 

Residential, 
commercial & 
industrial 

Supported by Energy 
Pool, KIC Inno Energy 
and the Social RES 
project funded by 
Horizon 2020 

Rodríguez-
García_2016 

A novel tool for the 
evaluation and 
assessment of 
demand response 
activities in the 
industrial sector 

A cost-benefit analysis 
tool for industrial 
customers to assess 
possible 
implementation of DR  

Quantitative 
simulation, 
applied to an 
industrial case 
study  

Europe 
(Spain, 
Germany, 
Netherlands) 

Commercial & 
industrial 

Co-funded by 
Environmental LIFE 
Program of the 
European Commission 

Storm_2016 Measurement and 
verification of 
irrigation pumping 
DSM projects: 
Application of novel 
methodology designs 

A monitoring and 
evaluation 
methodology for 
South African DSM 
projects in irrigation 

Framework 
development 

South Africa Industrial 
(agriculture) 

Eskom, the state-
owned electricity 
utility 

Machalek_2019 Automated electrical 
demand peak levelling 
in a manufacturing 
facility with short-
term energy storage 
for smart grid 
participation 

A quantitative 
simulation that 
optimises the storage 
loads of an industrial 
bakery exposed to 
TOU tariffs 

Quantitative 
simulation, 
applied to an 
industrial case 
study 

USA (Utah) Industrial 
(manufacturing) 

US Department of 
Energy through the 
Industrial Assessment 
Centres program 
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First author_ year 

 
Title 

 
Main topic 

Paper/ 
report type 

 
Geography 

 
Sector focus 

 
Funding / CoI 

Ali_2020 Electricity generation 
and demand flexibility 
in wastewater 
treatment plants: 
Benefits for 100% 
renewable electricity 
grids  

A quantitative 
simulation of a 100% 
renewable scenario 
facilitated by energy 
flexibility from 
wastewater treatment 
plants 

Quantitative 
simulation, 
applied to an 
industrial case 
study 

Australia  Industrial 
(wastewater) 

Nil disclosed 

Musabandesu_2021 Load shifting at 
wastewater treatment 
plants: A case study 
for participating as an 
energy demand 
resource 

A simulated case study 
analysis of a 
wastewater treatment 
plant’s ability to flex 
demand in Santa Rosa, 
California 

Journal article: 
case study 

USA Industrial 
(wastewater) 

California Energy 
Commission 

Sisinni_2017 Identification of Value 
Proposition and 
Development of 
Innovative Business 
Models for Demand 
Response Products 
and Services Enabled 
by the DR-BOB 
Solution 

A journal article 
reporting on interim 
findings from the 
Demand Response in 
Blocks of Buildings 
(DR-BOB) trial 

Journal article: 
technology 
demonstration 

UK & Europe Commercial 
(buildings) 

European 
Horizon2020 grant 

Summerbell_2017 Cost and carbon 
reductions from 
industrial demand-side 
management: Study of 
potential savings at a 
cement plant 

A simulated case study 
analysis of an 
alternative production 
schedule for a Hanson 
cement plant in the 
UK 

Journal article: 
method 
development and 
case study 

UK Industrial 
(cement) 

UK Engineering and 
Physical Sciences 
Research Council 

       

What role is Industry 4.0 expected to play in flexing C&I energy demand? 

Ghobakloo_2020 Industry 4.0 and 
opportunities for 
energy sustainability 

Content-centric 
qualitative review of 
extant digitisation 
literature to identify 
the primary energy 
sustainability 
functions of Industry 
4.0 

Systematic review 
(ISM 
methodology) 

Europe Residential, 
commercial & 
industrial 

Part of a project that 
received funding  
from EU’s 
Horizon2020 under 
grant agreement No 
810318. 

Onile_2021 Uses of the digital 
twins concept for 
energy services, 
intelligent 
recommendation 
systems, and demand 
side management: A 
review 

A content analysis of 
the state-of-the-art 
energy services based 
on intelligent 
recommender 
systems and digital 
twins  

Review, focused 
on the IEEE 
Xplore and 
Scopus databases 

Estonia, Israel Residential, 
commercial & 
industrial 

Partly supported by 
Estonian Research 
Council grant PRG658, 
European Social Fund, 
and Israel Science 
Foundation grant No. 
1227/18 

Kailas_2012 A Survey of 
Communications and 
Networking 
Technologies for 
Energy Management 
in Buildings and Home 
Automation 

A review of state-of-
the-art home energy 
management control 
and networking 
technologies, 
including a survey of 
software, hardware, 
platforms and test 
beds 

Review article USA Residential & 
commercial 

Nil disclosed 

Antonopoulos_2020 Artificial intelligence 
and machine learning 
approaches to energy 
demand-side 
response: A 
systematic review 

Systematic review of 
papers, companies 
and projects to 
provide an overview of 
AI methods used for 
DR applications 

Systematic review UK, USA Residential & 
commercial 

Mostly supported by 
Energy Technology 
Partnership Scotland, 
and industrial sponsor 
Upside Energy  
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First author_ year 

 
Title 

 
Main topic 

Paper/ 
report type 

 
Geography 

 
Sector focus 

 
Funding / CoI 

Samad_2016 Automated Demand 
Response for Smart 
Buildings and 
Microgrids: The State 
of the Practice and 
Research Challenges 

Reviews the 
motivation for ADR 
and outlines the 
architectural models, 
technology 
infrastructure, and 
communication and 
control protocols that 
are currently in use. 

Invited paper to 
the proceedings 
of the IEEE 

USA Residential, 
commercial & 
industrial 

Authors have various 
affiliations with 
Honeywell—Samad is 
a Corporate Fellow, 
Kock was a Senior 
Fellow, and Stluka is 
an Engineering Fellow 
and Technology 
Manager 

Hu_2017 Transactive control: a 
framework for 
operating power 
systems characterized 
by high penetration of 
distributed energy 
resources 

Review of papers and 
demonstration 
projects related to 
transactive control of 
distributed energy 
resources 

Review article Denmark, 
Netherlands, 
China 

Residential, 
commercial & 
industrial 

Partly funded by TNO 
Early Research 
Program on Energy 
Storage and 
Conversion (SOSENS 
project) and Danish 
iPower project 
(Danish Agency for 
Research and 
Innovation No. 0603-
00435B). 

       

What novel market designs, pricing and/or incentive options would make the most significant difference to the uptake of flexible load 
opportunities? 

Wang_2015 Time-of-use electricity 
pricing for industrial 
customers: A survey of 
U.S. utilities 

A quantitative analysis 
of a survey of 43 TOU 
programs targeting 
industrial customers in 
the USA 

Journal article: 
desktop survey 
with case study 
analysis 

USA Industrial US National Science 
Foundation  

Nezamoddini_2017 Real-time electricity 
pricing for industrial 
customers: Survey and 
case studies in the 
United States 

A quantitative analysis 
of a survey of real-
time pricing programs 
targeting industrial 
customers in the USA 

Journal article: 
desktop survey 
with case study 
analysis 

USA Industrial Nil disclosed 

Khalilpour_2020 Network capacity 
charge for 
sustainability and 
energy equity: A 
model based analysis 

A quantitative 
simulation of a 
network capacity 
charge into customer-
owned DER, 
particularly storage 

Journal article: 
quantitative 
simulation 

Australia Residential & 
commercial 

Nil disclosed 

Richstein_2020 Industrial demand 
response: How 
network tariffs and 
regulation (do not) 
impact flexibility 
provision in electricity 
markets and reserves 

A quantitative analysis 
on network tariffs can 
impact investment 
into flexible demand 
options 

Journal article: 
quantitative 
analysis 

Germany Industrial Supported by German 
Federal Ministry of 
Education and 
Research 

Lu_2019 Incentive-based 
demand response for 
smart grid with 
reinforcement 
learning and deep 
neural network 

Algorithm 
development and 
simulation to test a 
novel demand 
response incentive  

Journal article: 
algorithm 
development 

Korea Residential, 
commercial & 
industrial 

Part-funded by 
National Research 
Foundation of Korea 
and the Korean 
Ministry of Trade, 
Industry and Energy 
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3 Conclusions and recommendations 
This paper identifies potential research priorities, focused on priority sectors and flexible loads, for RACE for 
2030 to unlock greater FD resource in Australian commercial and industrial (C&I) sectors. The findings of this 
literature review have been incorporated into the broader Opportunity Assessment for RACE for 2030’s 
research theme B4: Flexible Demand and Demand Control, which delivered a final research roadmap of 
prioritised research projects.  

3.1 Sector and load priorities 

The priority sectors that were identified for unlocking FD potential in Australia are:  

• agriculture, manufacturing and water utilities in the industrial sector, and  
• apartments, public buildings and supermarkets in the commercial sector.  

Within these sectors, loads that offered the greatest FD potential are:  

• industrial processes, particularly water pumping for irrigation  
• embedded generation, particularly in the industrial sectors  
• heating ventilation and cooling in commercial buildings.  

Electrical storage is very attractive from a technical point of view; however the business case for C&I 
customers is still challenging.  

This is fairly comparable with, albeit narrower than, the international context. Europe, the UK and the US have 
significantly higher FD capacity than Australia, current and projected. Additional loads that have strong FD 
contributors in the international context but that did not emerge strongly from this Australian analysis include: 
refrigeration, particularly in the context of thermal storage, thermal adjustments in data centres, and electrical 
water heating. Aggregation of commercial loads is also emerging as a focus area globally, as flexible demand 
providers take advantage of advances in Industry 4.0 technology. 

3.2 Research priorities 

While it is important to consider the benefits of FD from a network or market perspective, it is equally critical 
to consider them from the energy customer’s perspective. The challenge lies in understanding the value to 
different business customers, which are not always directly comparable across commercial and industrial 
sectors. A simplified business canvas approach (value proposition, value creation and delivery, and value 
capture) summarised the benefits to customer types in each of the identified priority sectors. Further 
research could develop business tools that could be made widely available to unveil hidden FD 
potential in commercial and industrial processes and/or assets. 

Based on feedback from the Industry Reference Group, the review focussed on two key research areas to 
overcome the major barriers to FD: advances towards Industry 4.0, and well-designed pricing and incentives.  

Industry 4.0 research topics could include:  

• new IoT options for better data capture  
• for improved data analysis (including developing better incentives) using AI, improving the reliability 

of reinforcement learning approaches, and digital twins 
• hybrid approaches for multi-agent systems, and extending artificial neural network (ANN) approaches  
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• extending automated demand response (ADR) and transactive control technology, particularly by better 
characterising baselines to understand rebound effects.  

Research topics for improving pricing and incentives could include:  

• helping customers to respond to pricing and incentives, including better communication and co-
developing or facilitating responses strategies (acknowledging response fatigue) 

• developing hardware and/or software solutions that can facilitate FD e.g. advanced 
metering/monitoring and ADR 

• improving the alignment of pricing and/or incentives with network needs 
• avoiding options that are likely to cannibalise more valuable FD markets, since flexibility can 

only be used once. 
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Appendices 

HUFF (homogeneity, ubiquity, feasibility) matrix 

The Excel spreadsheet used to create the final HUFF matrix is available on request. 

Literature search terms 
1. Which loads and sectors demonstrate the greatest opportunity for flexible demand? 

N/A—analysis of publicly available data 

2. How does the mix of flexible demand assets in Australia compare with the mix of assets 
internationally? 

((“demand response” OR “demand manag*” OR “demand-side manag*” OR “flexible demand” OR 
“flexible load*”) AND (“commercial” OR “tertiary sector” OR “industrial” OR “secondary sector” OR 
“busines*” OR “C&I”) AND (“resource potential” OR “demand-side potential” OR “industr* 
potential”)) 

3. How are best practice flexible demand projects demonstrating benefit to customers? 

((“demand response” OR “demand manag*” OR “demand-side manag*” OR “flexible demand” OR 
“flexible load*”) AND (“commercial” OR “tertiary sector” OR “industrial” OR “secondary sector” OR 
“busines* OR “C&I””) AND (“benefi*” OR “network support” OR “NEB”)) 

4. What areas of research most effectively address the most susceptible barriers for greatest 
impact? 

(a) What role is Industry 4.0 expected to play in flexing C&I energy demand? 

((“demand response” OR “demand manag*” OR “demand-side manag*” OR “flexible demand” OR 
“flexible load*”) AND (“commercial” OR “tertiary sector” OR “industrial” OR “secondary sector” OR 
“busines* OR “C&I””) AND (“industry 4.0” OR “digit*” OR “automation” OR “artificial intelligence” 
OR “AI”)) 

(b) How can novel pricing and/or incentive options unlock further C&I flexible demand?  

((“demand response” OR “demand manag*” OR “demand-side manag*” OR “flexible demand” OR 
“flexible load*”) AND (“commercial” OR “tertiary sector” OR “industrial” OR “secondary sector” OR 
“busines* OR “C&I””) AND (“incentiv*” OR “pricing” OR “tarif*” OR “subsid*”)) 
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Filtering studies for qualitative synthesis 
 

 
  

Records identified 
through ScienceDirect:  

N = 927 

Additional records identified 
through previous projects 

and snowballing: 

N = 64 + 26 

#1,637 records after duplicates removed 

#404 records screened #1,233 records 
 

#149 full-text articles 
assessed for eligibility 

#24 studies included in 
qualitative synthesis  

#380 full-text articles 
excluded, with reasons 

Additional records 
identified through Scopus:  

N = 634 
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Qualitative summary of results  

The following table summarises the main characteristics of the included studies and their keys findings and 
recommendations. 
 
 

Reference Description 
  

How much flexible demand resource is available internationally? 

Gils_2014 This paper was the first comprehensive assessment of theoretical DR potential in Europe 
using a ‘top-down’ approach. It models country potential by considering the average energy 
usage of key industrial, commercial and residential loads. It also compares the average 
potential of load reduction and increase of those loads across different European countries. 
The overall DR potential in Europe is estimated to be 93 GW of load reduction and 247 GW 
of load increase. The latter is mainly possible through residential loads. These figures are 
considered highly time-dependent and can reduce to ~10% of this potential at certain times 
of the year. The results are also presented: 
1.  by a per capita potential that is highest in Norway, Finland, Sweden and Luxembourg and 

lowest in eastern and south-eastern Europe, and 
2. based on a ratio to annual peak load that is highest in Luxembourg, Greece, Romania and 

Spain. 

Wohlfarth_2020 The paper explores more deeply the theoretical potential of the European services 
(commercial) sector to provide DR, based on an analysis of German companies. The authors 
argue that this sector is largely untapped compared to the industrial sector, which has 
provided the majority of the 2,500MW of DR capacity in Germany to date. The research 
conducted a quantitative survey of 1,500 companies in prospective commercial sub-
sectors—offices, trade, hotels and restaurants—and identified approximately 22 TWh of 
theoretical potential, 4TWh of technical potential and 1TWh of practical potential. This is 
lower than previous studies due to more conservative assumptions e.g. only 1–2 h load shift 
per appliance per day. ‘Cross-sectoral’ processes such as HVAC were found to be the most 
promising candidates for DR, as they do not directly interfere with industrial production and 
are relatively homogeneous. However, the business case for HVAC can be more challenging 
because individual gains are small and need to be aggregated. 

Shoreh_2016 This review brings together the existing literature on the potential for industrial DR to 
provide ancillary services (<2 h duration). Programs for ancillary services are defined as (in 
order of fastest response to slowest): emergency contingency (spinning and non-spinning); 
regulation; and replacement reserve. The authors identify key industrial loads and sectors 
that are likely to provide these services if financial, regulatory and knowledge barriers are 
overcome: electrolysis in aluminium production; steel melt shops; cement grinding mills; 
refrigeration, especially when Auto-DR is in place; electrochemical processes (e.g. chlor-
alkali); and temperature adjustment in data centres. It is argued that “although any single 
load may not meet the requirements for one particular DR program, all of the loads are 
capable of participating as part of a large network”.  

Gerke_2020 This report summarises the findings of the third phase of a major research project at 
Lawrence Berkeley National Laboratory: the California Demand Response Potential Study. 
This is the largest and longest quantitative assessment that has been conducted to date. The 
Phase 3 report focuses on ‘shift’ resource that was identified as the most promising DR 
category in the second phase and “represents DR that encourages the movement of energy 
consumption from times of high demand to times when there is surplus renewable energy 
generation”. The key finding of the study is that current shift resource (averaging 5.3 GWh 
per day, at a cost below behind-the-meter battery storage) could soak up almost all of the 
curtailed renewable generation today and out to 2030. This resource will need to expand to 
realise the most cost-effective outcomes for customers, and several options are presented 
to achieve this. 
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Reference Description 

Huang_2020 Similar to Wohlfarth et al. (2020), this paper expands on the existing literature to assess the 
DR potential of commercial buildings. While this was not highlighted as the major contributor 
to DR in the Lawrence Berkeley project, the authors argue that this sector will be a key 
resource given the magnitude of energy consumption (commercial buildings account for 
36% of US electricity consumption) and its alignment with peak demand. The quantitative 
analysis estimated that the DR resource from HVAC in commercial buildings in the US is 
46 GW of load increase and 40 GW of load decrease. Stand-alone retail buildings were found 
to be the most promising option for commercial HVAC DR, followed by secondary schools, 
strip malls and medium offices. Small offices did not contribute much power flexibility owing 
to their size. A key enabler for accessing this resource is deploying advanced communication 
and control technologies. 

  

How are best practice flexible demand projects demonstrating benefit to customers? 

Hamwi_2021 This paper proposes a new framework and tool for research on DR business models. Both 
are based on the three elements of value proposition, value creation and value capture. 
These are further characterised into nine elements: product, market segment, service 
attributes, DR resources, resource availability, DR mechanism, communication channels, cost 
structures, and revenue model. The benefit of this approach is threefold: 
1. It identifies the social, technical and economic factors that will contribute to the success 

of a DR business model. 
2. It is a practical tool that recognises the ‘business logic’ of DR and its value to different 

actors/stakeholders. 
3. It can stimulate innovation by identifying gaps or opportunities on which new business 

models or energy market reform can capitalise. 

Rodríguez-García_2016 This paper proposes a cost-benefit tool for commercial and industrial customers to evaluate 
implementing DR options. This is specifically targeted at small to medium customers, who 
are unlikely to have sufficient DR resource to participate in DR markets independently and 
must engage an aggregator. The tool incorporates technical, economic and environmental 
factors to provide an energy balance, economic evaluation and CO2 balance. The tool is then 
applied to a German pulp and paper factory that can participate in the reserve energy 
market, identifying two cost-effective DR options: 
1. stockpiling pulp prior to paper manufacturing 
2. interrupting the winder before paper reel drums are rewound and cut to customer 

specifications.  

Storm_2016 This study investigates 15 irrigation pumping projects that were contracted by Eskom in 
South Africa to provide demand management services. By aggregating 650 irrigation pumps 
the total capacity of the projects was 15 MW. Two programs were used to incentivise load 
shifting of irrigation: an incentive payment; and the Ruraflex tariff structure. Both were 
focused on moving irrigation loads away from the evening peak. The feasibility of irrigation 
response was proven however the key challenge that the researchers faced was with 
monitoring and verification, in particular baseline metering. 

Machalek_2019 This quantitative simulation investigates a case study of the flexibility of an existing thermal 
energy storage unit (chilled glycol buffer tank) in an industrial bakery. The bakery is exposed 
to a TOU tariff and demand-charges that encourages peak levelling. The results of the 
simulation showed that an upfront investment of $1000, and monthly cost of $25, could save 
the bakery up to $425 per month by reducing peak energy use, without disrupting any of the 
business processes given the untapped flexibility in the buffer tank. Investment in a larger 
tank could be beneficial if the pricing or incentives were improved to better value additional 
flexibility.  
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Reference Description 

Ali_2020 The quantitative simulation forecasts the role of energy flexibility in wastewater treatment 
plants to facilitate a 100% renewable grid. Four forms of load flexibility (activated sludge 
aeration, sludge pumping, dewatering, recirculation pumping) and one form of supply-side 
flexibility (co-generation) are investigated. Useful comparisons are made between the 
technical potential outlined in Table 2, and the likely available potential from interviews with 
industry experts (Section 5). Spillage of renewable generation is reduced after load and 
generation flexibility is activated, particularly over the early morning hours, reducing the 
required capacity by approximately 3.6 GW at a reduction of ~2 c/kWh.  

Musabandesu_2021 This in-depth case study of the Laguna Wastewater Treatment Plant is a useful comparison 
to Ali (2020) by investigating the demand flexibility of side-processes: in particular, flow 
equalisation basins, combined heat and power and battery storage. The study found that the 
plant could save up to 4.8% on its annual energy costs by participating in a program that 
facilitated bidding into a wholesale energy market. However, the authors found that the 
savings were slightly less than participating in a traditional, less-complex demand response 
program that required only 2–3 response events per annum. 

Sisinni_2017 This journal paper outlines the interim findings from the DR-BOB trial funded by a European 
Horizon2020 grant. The authors outline the assumed costs and estimated benefits of 
aggregating demand flexibility resource in blocks of buildings at four pilot sites: a university in 
the UK, a group of offices in France, a hospital in Italy, and a university in Romania. Thus, this 
research provides a cross-section of aggregating different types of commercial buildings 
(and demand-side and supply-side resources within them) under different types of pricing 
and incentives. The benefits are estimated as: 3–10% in cost-savings by responding to price 
signals; and 5–10% in potential revenue from additional incentives. The authors note that the 
likely benefit will depend on the maturity of the flexible demand market and how well 
customers are engaged; i.e. through segmentation, targeted value propositions and 
communication of offers.  

Summerbell_2017 This simulated case study outlines estimates the benefits of demand-side management for a 
cement plant in the UK, which is extrapolated for a sector-wide benefit. The authors propose 
a new production schedule to minimise costs and/or emissions by shifting ~1 MW non-critical 
loads from mills and silos outside the process bottleneck of the dry kiln with precalciner. The 
results estimate 4.3% in cost savings, which could be in the order of £350,000 per annum for 
a typical cement plant. An equivalent reduction of 4% of carbon savings is expected from 
shifting electricity usage to times when the grid is lowest carbon intensity; i.e. approximately 
2,000 t/year CO2-e. 

  

What role is Industry 4.0 expected to play in flexing C&I energy demand?  

Ghobakloo_2020 Industry 4.0 is defined as “enabling informed yet autonomous decisions” for flexibility and 
agility, which directly translates to the objectives of FD. Ten different functions of Industry 
4.0 are identified: energy demand sector digitisation (EDSD), energy sector digital 
transformation (EST), improved methods of production (IMP), improved production 
management (IPM), improved production planning and control (IPPC), informed decision 
making (IDM), new business model innovation (NBMI), smart energy management systems 
(SEMS), sustainable new product development (SNPD), and value chain digitization (VCD). 
EST and IMP are classified as the primary/fundamental energy sustainability functions, which 
then facilitate downstream energy functions. For example, these help develop SEMS that can 
then catalyse EDSD and VCD. 
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Reference Description 

Onile_2021 The paper reviews the literature on digital twins’ role in innovative energy services since the 
research area was initially conceived in 2015 by Grieves. The authors define digital twins as “a 
virtual representation of real-life assets such as services, products or machine with the 
models”, which can be manipulated to test FD before implementation. Three priorities for 
digital twins and future research are identified as:  
• better energy consumption forecasts, which can help better shore up a business’ FD 

resource 
• better understanding of behavioural factors, that will improve energy management 

services 
• optimising machine/device operations by intelligent service updates.  

Kailas_2012 The paper describes, and distinguishes between, Home Area Networks (HANs) and Home 
Energy Management (HEM) systems. Technology options are compared in complementary 
frameworks. Core HAN options are described under wired and wireless categories, 
identifying low-power wireless network options as a promising research area. A future HEM 
system architecture is proposed, which is classified into three subsystems: sensor and 
control devices; an intelligent power management platform; and a monitoring and control 
system  

Antonopoulos_2020 The focus of this paper is the “non-symbolic, soft computing, data-driven paradigm of AI” 
and how it supports DR. The paper provides a comprehensive visual representation of the 
methods that sit under four key groups of AI methods: multi-agent systems, machine 
learning, artificial neural networks (ANN) and nature-inspired intelligence. Research priorities 
are identified for each of these groups in order: 
• using multi-agent systems in a hybrid manner to overcome their complexity 
• improving the reliability of reinforcement learning approaches for dynamic control 
• extend previous research from ‘single-layer ANN’ to Deep Learning 
• improve nature-inspired algorithms to improve the design of pricing and incentives. 

Samad_2016 An expert review of current ADR protocols to identify key research challenges for future 
work. It proposes a system architecture for typical ADR implementation from utility or 
information system operator, through to the DR automation server intermediary to an 
application programming interface (API) that interacts either directly with the customer or 
aggregated loads. Research challenges are identified including: 
• modelling and forecasting for ADR 
• operationalising ADR through VPPs 
• configuring and commissioning ADR, including through microgrids 
• ADR optimisation (including through microgrids). 

Hu_2017 The authors reviewed papers and demonstration projects related to transactive control, 
which they define as “a framework that enables actors to interact with each other through an 
economic signal, in order to optimize the allocation of resources”. The paper proposes two 
key strategies for transactive control: a one-time information exchanged-based method (e.g. 
the more commonly applied clearinghouse, useful for real-time control); or an iterative 
information exchange-based method (more useful for real-time scheduling). Most 
commercial demonstrations of transactive control use the simpler strategy but there is 
emerging research investigating iterative options, particularly in relation to EV smart 
charging. Future research is suggested to better calculate baselines, build standardised 
platforms, and develop effective pricing policies that complement control systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  



 Flexible demand and demand control. Research state of the art industry report for research theme B4 36 

Reference Description 
  

What novel market designs, pricing and/or incentive options would make the most significant difference to 
the uptake of flexible load opportunities? 

Wang_2015 This journal paper evaluated the effectiveness of 43 TOU tariff programs targeting industrial 
customers in the USA. The research modelled three case scenarios against the targeted TOU 
programs, investigating both the flexibility of start-time of the process schedule and the 
potential flexibility related to the plant utilisation with a proxy of one to three, eight-hour 
shifts. The analysis found a range of savings (–72–82.6%), which can be influenced by three 
key elements: 
• moving to a TOU tariff without changing production schedule will increase costs for 

customers, because production generally falls within the on-peak period 
• customers who will benefit the most from TOU tariffs are those who run over one or two 

shifts and can adjust their production schedule 
• helping customers to respond to TOU tariffs, including helping them understand the 

tariff and developing response strategies, is critical to their success 

Nezamoddini_2017 This journal paper used a similar methodology to Wang_2015 to analyse RTP mechanisms 
targeting industrial customers in the US. While these programs were found to potentially 
provide more customer benefit than TOU tariffs (25 versus 18 of the 35 scenarios 
demonstrated benefit), there was also a higher risk if customers could not respond 
appropriately. The overarching findings of the research were that: 
• RTP programs should focus on customers that will likely receive the greatest benefit 

either by having inherently highly flexible assets (including storage) or by having high 
electricity usage/costs. 

• If wider rollout of RTP is preferred, a two-part program may be the best option that can 
reduce the risk for less flexible business by measuring against a baseline load curve. 

Khalilpour_2020 This journal paper outlines the results of a quantitative analysis on network tariffs and their 
impact on flexible demand options. Based on the results, the authors that well-designed 
rollover demand charges are beneficial in two ways: by incentivising customers to invest early 
in demand-side measures, such as energy efficiency and storage, that will lower critical 
network peaks; and incentivising customers to minimise energy export from onsite 
generators (e.g. solar PV) that they have installed. These outcomes have positive impacts for 
both network resilience as well as social equity by appropriately allocating the network costs 
associated with peak demand. 

Richstein_2020 This journal paper delivers a quantitative analysis of existing network tariffs to compare with 
the theoretical findings of Khalilpour_2020. The authors argue that existing demand charges 
are blunt instruments, particularly for industrial customers that have high utilisation of 
process assets, that could potentially stymie investment in additional FD capacity (e.g. 
process capacity) and participation in other FD markets (e.g. reserve markets). Thus, where 
networks and/or customers desire demand charges to continue as a tariff mechanism, future 
research is suggested to focus on: optimising their alignment with critical network peak and 
minimum demand times, and avoiding cannibalisation of more valuable FD markets from 
both the customer and network perspectives.  

Lu_2019 This journal paper develops and simulates an algorithm to test a novel demand response 
incentive based on AI that can better respond in real-time to more-accurate load or supply 
forecasts. The algorithm uses deep neural networks followed by reinforcement learning 
developed from the perspective of a service provider (e.g. retailer or aggregator), which will 
seek to maximise profit by minimising the incentive. The results demonstrated that real-time 
incentives could follow the trend of wholesale prices, likely triggering greater customer 
action at times of higher network need i.e. at the right time. However, the authors 
acknowledge that this reinforcement learning solution is reliant on ADR to achieve the 
optimal rolling real-time incentive.  
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Overview of excluded studies  

The first filter excluded papers focused on: 

• Residential demand response and flexible demand  
• Solely demand/load forecasting 
• Solely stationary batteries and electric vehicles, and 
• Other topics not related to energy. 

The second filter reviewed the abstracts in Mendeley to select papers for recency (none older than 2010) and 
excluded those that were focused on: 

• Broader topics than flexible demand e.g. microgrids, and 
• More applied papers than sought after under the research questions e.g. those focused on algorithm 

and control system development. 

The third filter selected specific papers based on their close alignment with the research questions. 

Review limitations 

Given the nature of flexible demand and its rapid growth and development, a large proportion of the literature 
base that comprises the research area is grey literature: a combination of technical reports, whitepapers and 
web pages. This review focused on scanning a large amount of academic literature based on the rapid review 
process, which provided substantial depth to certain issues surrounding flexible demand (e.g. Industry 4.0 
technologies) and robust breadth of mapped FD potential. However, this review should be read in conjunction 
with the Techno-economic Review of Flexible Demand in Australia and the Flexible Demand Policy Pricing and 
Incentives Literature Review, for the current context of the substantial grey literature base, particularly in the 
Australian context.  

The funding for this review was provided by the Reliable Affordable Clean Energy (RACE) for 2030 Cooperative 
Research Centre, with the intention of prioritising the most prospective research areas for future funding. The 
lead author, as the RACE for Business Program Leader, cannot apply for funding under this research theme 
and therefore there is no conflict of interest to disclose.  
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Review team members 
• Thomas S Brinsmead, CSIRO 
• Stephen White, CSIRO 
• Charles Bransden, RMIT 

Industry Reference Group 
 

Name Organisation 

Daniel Anderson Powerlink 

David Dawson  Ausgrid 

Craig Tupper Ausgrid 

Douglas Ferreira Fohat 

Gabrielle Breen Victorian Department of Environment, Land, Water and Planning (DELWP) 

Gregory Appleby Sydney Water 

Keiron Walsh Enzen 

Aaron Liu Queensland University of Technology 

Scott Ferraro Monash University 

Stephen Sizer NSW Department of Planning, Industry and Environment 

Kedem Levy AGL 

Jane Butler AGL 
 

Review Gantt chart timeline  
 

 Jan 2021 Feb 2021 Mar 2021 Apr 2021 May 2021 Jun 2021 

Review team formation       

Question refinement       

Literature search       

Literature screening       

Data extraction       

Synthesis / report       

Approvals / revisions       
 

Excluded studies 

For a list of excluded studies at the full-text eligibility stage and the reasons for their exclusion, an NVivo file is 
available on request.  
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AMSTAR2 checklist 
 

Question (recommendations)  Decision rules and comments 

Q1. Are the research questions and inclusion criteria 
for the review clearly delineated? 

1 = Yes = Who (Population/Subject), What (Intervention, Comparator group, Outcome), Where 
and When described. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = research question and inclusion criteria not outlined in detail.  

Q2. Did the report of the review contain an explicit 
statement that the review methods were established 
prior to the conduct of the review and did the report 
justify any significant deviations from the protocol? 

1 = Yes = The authors state that they had a written protocol or guide that included ALL the 
following: review question(s), a search strategy, inclusion/exclusion criteria, risk of bias 
assessment. 

0.5 = Can’t answer / not sure / partially = The authors state that they had a written protocol or 
guide that included ALL the following: review question(s), a search strategy, 
inclusion/exclusion criteria, a risk of bias assessment. 

0 = No = no mention of a priori design of the systematic review, as listed above. 

Q3. Did the review authors explain their selection of 
the study designs for inclusion in the review? 
 
 

1 = Yes = explicit justification of the study designs/types included in the review. 

0.5 = Can’t answer / not sure / partially = more than one online source but no supplementary 
sources or one online source and one supplementary source. Cannot decide between Yes or 
No, based on the information provided in the paper. 

0 = No = only one online source or no supplementary search used 

Q4. Did the review authors use a comprehensive 
literature search strategy? 
 

1 = Yes = searched at least two databases (relevant to research question), provided key word 
and/or search strategy, justified publication restrictions (e.g. language), AND searched the 
reference lists / bibliographies of included studies, searched trial/study registries, 
included/consulted content experts in the field, where relevant, searched for grey literature, 
conducted search within 24 months of completion of the review. 

0.5 = Can’t answer / not sure / partially = searched at least two databases (relevant to research 
question), provided key word and/or general search strategy, justified publication restrictions 
(e.g., language). 

0 = No = no information on search strategy, or not fulfilling criteria for Yes and Partially. 

Q5. Did the review authors perform study selection in 
duplicate? 
 

1 = Yes = either ONE of the following: at least two reviewers independently agreed on selection 
of eligible studies and achieved consensus on which studies to include OR two reviewers 
selected a sample of eligible studies and achieved good agreement (at least 80%), with the 
remainder selected by one reviewer. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = only one reviewer involved in the study selection or no description how many 
reviewers participated in study selection. 

Q6. Did the review authors perform data extraction in 
duplicate? 

1 = Yes = either ONE of the following: at least two reviewers achieved consensus on which data 
to extract from included studies OR two reviewers extracted data from a sample of eligible 
studies and achieved good agreement (at least 8 %), with the remainder extracted by one 
reviewer. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = only one reviewer involved in the study selection or no description how many 
reviewers participated in data extraction. 

Q7. Did the review authors provide a list of excluded 
studies and justify the exclusions? 

1 = Yes = provided a list of all potentially relevant studies that were read in full-text form but 
excluded from the review AND justified the exclusion from the review of each potentially 
relevant study. 

0.5 = Can’t answer / not sure / partially = only provided a list of all potentially relevant studies 
that were read in full-text form but excluded from the review, but not justified the exclusion 
from the review of each potentially relevant study that were read in full-text.  

0 = No = No list of studies excluded at a full-text stage. 

Q8. Did the review authors describe the included 
studies in adequate detail? 

1 = Yes = ALL the following: Who (Population), What (Intervention, Comparator group, 
Outcome), Where and When described in detail. 

0.5 = Can’t answer / not sure / partially = Who (Population), What (Intervention, Comparator 
group, Outcome), Where and When briefly described, or only some of these described in 
detail. Cannot decide between Yes or No, based on the information provided in the paper. 

0 = No = no, or partial description of the included studies 

  

  

  

1 = Yes = specifically mentions RoB assessment of individual included studies. 
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Question (recommendations)  Decision rules and comments 

Q9. Did the review authors use a satisfactory 
technique for assessing the risk of bias (RoB) in 
individual studies that were included in the review? 
 
 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. RoB mentioned or not sufficiently assessed (e.g. if multiple 
sources of bias potentially present, but not all assessed). 

0 = No = no mention of RoB assessment of individual included studies. 

[RoB sources: from confounding, from selection bias, from exposure bias, from selective 
reporting of outcomes, selection of the reported result from among multiple measurements 
or analyses of a specified outcome]. 

Q10. Did the review authors report on the sources of 
funding for the studies included in the review? 
 

1 = Yes = Must have reported on the sources of funding for individual studies included in the 
review. Note: Stating that the reviewers looked for this information but it was not reported by 
study authors, also qualifies. 

0.5 = Can’t answer / not sure / partially = sources of funding mentioned for individual studies 
included in the review, or reported only for some of the included studies. Cannot decide 
between Yes or No, based on the information provided in the paper. 

0 = No = no report of the sources of funding for individual studies included in the review.  

Q11. If meta-analysis was performed did the review 
authors use appropriate methods for statistical 
combination of results? 
 

1 = Yes = The authors justified combining the data in a meta-analysis AND they used an 
appropriate technique to combine study results and adjusted for heterogeneity if present 
AND investigated the causes of any heterogeneity or adjusted for heterogeneity or 
confounding if present. 

0.5 = Can’t answer / not sure / partially = Requirements for Yes only partially fulfilled. Cannot 
decide between Yes or No, based on the information provided in the paper. 

0 = No = no justification of meta-analysis or inappropriate statistical methods were used for 
quantitatively combining and analysing the data, heterogeneity not assessed. 

N/A = Not Applicable = No meta-analysis conducted. 

Q12. If meta-analysis was performed, did the review 
authors assess the potential impact of RoB in 
individual studies on the results of the meta-analysis 
or other evidence synthesis? 
 

1 = Yes = included only low risk of bias studies OR the authors performed analyses to 
investigate possible impact of RoB on summary estimates of effect. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = no assessment of the potential impact of RoB. 

N/A = Not Applicable = No meta-analysis conducted. 

Q13. Did the review authors account for RoB in 
individual studies when interpreting/ discussing the 
results of the review? 
 

1 = Yes = included only low risk of bias studies OR the review provided a discussion of the likely 
impact of RoB on the results. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = no discussion of the potential impact of RoB in individual studies. 

Q14. Did the review authors provide a satisfactory 
explanation for, and discussion of, any heterogeneity 
observed in the results of the review? 
 

1 = Yes = There was no significant heterogeneity in the results OR if heterogeneity was present 
the authors performed an investigation of sources of any heterogeneity in the results and 
discussed the impact of this on the results of the review. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = No explanation or discussion of heterogeneity present in the results. 

Q15. If they performed quantitative synthesis did the 
review authors carry out an adequate investigation of 
publication bias (small study bias) and discuss its likely 
impact on the results of the review? 
 

1 = Yes = The authors performed graphical or statistical tests for publication bias and 
discussed the likelihood and magnitude of impact of publication bias. 

0.5 = Can’t answer / not sure / partially = more than one online source but no supplementary 
sources or one online source and one supplementary source. Cannot decide between Yes or 
No, based on the information provided in the paper. 

0 = No = The authors did not perform any tests for publication bias and did not discuss 
potential impact of publication bias. 

N/A = Not Applicable = No meta-analysis conducted. 

Q16. Did the review authors report any potential 
sources of conflict of interest, including any funding 
they received for conducting the review? 
 

1 = Yes = The authors reported no competing interests OR the authors described their funding 
sources and how they managed potential conflicts of interest. 

0.5 = Can’t answer / not sure / partially = Cannot decide between Yes or No, based on the 
information provided in the paper. 

0 = No = The authors did not provide statement on competing interests and funding sources, 
and how they managed potential conflicts of interest. 
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