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Abstract: Future energy systems must mainly generate electricity from renewable resources. To deal
with the fluctuating availability of wind and solar power, new versatile electricity markets and sus-
tainable solutions concentrating on energy flexibility are needed. In this research, we investigated
the potential of energy flexibility achieved through demand-side response for the wastewater treat-
ment plant of the Benchmark Simulation Model 1. First, seven control strategies were simulated and
assessed. Next, the flexibility calls were identified, two energy flexibility scenarios were defined and
incorporated into the model, and the control strategies were evaluated anew. In this research, the
effluent ammonia concentration needed to be maintained within the limits for as long as possible.
Strategy 5, which controlled ammonia in Tank 5 at a low value and did not control any nitrate in
Tank 2, of Scenario 1, which was characterized by an undetermined on/off aeration cycle, was then
found to be the best. Although this control strategy led to high total energy consumption, the per-
centage of time during which aeration was nearly suspended was one of the highest. This work
proposes a methodology that will be useful to plant operators who should soon reduce energy con-
sumption during spikes in electricity prices.

Keywords: energy flexibility; wastewater treatment plant; Benchmark Simulation Model 1; control
strategies; aeration; water quality

1. Introduction

To achieve the goals of the Paris Agreement, use of fossil energy must soon be aban-
doned. Hence, renewable energy production from wind and solar resources must signif-
icantly increase, particularly for countries like Germany with only low hydropower ca-
pacity and a decided nuclear power phase-out. However, because of the intermittency of
wind and solar power, their prioritization will lead to increasing fluctuations in electricity
production, and the use of renewable resources in electric grids will increase their uncer-
tainty and variability. Therefore, electricity markets, due to this increasing share of fluc-
tuating renewable energies, are currently going through a phase of agitating transition. In
the future, electric grids will have to rely on storage and reserve capacities as well as de-
mand-side resources to address this problem in supply and demand, or their continued
operation may be challenged. New smart applications that will manage to adjust quickly
to changes of demand and supply should therefore be considered [1-5].

The German electricity market is Europe’s largest, with an annual power consump-
tion of around 530 TWh and a generation capacity of 184 GW [6]. In 2015, renewable en-
ergy contributed 195.9 TWh (about 30%) towards electricity generation, which, compared
to 2005, corresponds to an increase of 213% [2]. Therefore, Germany, which is committed
to increasing the contribution of renewable energy to 80% of the total by 2050 [1], will
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soon need its energy sector to be reorganized. Sustainable solutions for integration of re-
newable energy have already begun focusing on the potential for energy flexibility as well
as storage facilities. Any deficits or surpluses attributed to the unsustainable nature of the
renewable energy production will have to be balanced by energy flexibility measures
[1,5,7]. Flexibility refers to modifications to the energy consumption pattern in terms of
time and quantity [1]. Flexibility in electricity systems is offered on either the supply or
demand side, as well as by the electricity grids by spreading load changes over regions or
markets. However, not every infrastructure or technology can provide the same kind of
flexibility. While one difference is the time during which flexibility is provided, another
important difference is whether positive flexibility, i.e., additional generation, or negative
flexibility, i.e., less generation, can be offered —from the demand-side management side,
positive flexibility comprises reduction in demand, whereas negative flexibility comprises
the opposite [8].

In principle, the two major ways of providing energy flexibility are energy storage
and the demand-side response [9]. The demand-side response is an emerging approach
to improve asset management in the electricity sector where network capacity is acquired
from demand-side actors like major commercial customers who reduce their electricity
demand at peak times either by using their own electricity generation, or by shifting elec-
tricity consumption outside peak time periods [10]. Load-shedding, which curtails system
load to match generation supply [11], and load-shifting, which shifts the demand in the
peak hours to the off-peak hours reducing peak demand at specific time periods [12], can
be used for temporal energy flexibility.

However, the energy sector cannot be separated from the water sector as the two
strongly interrelate, and both are equally essential in modern life. In order to provide and
distribute drinking water and to treat and discharge wastewater, substantial amounts of
energy are consumed [13]. Indeed, 2-3% of the world’s electrical energy is used for water
supply and sanitation purposes, and 1-18% of electrical energy in urban areas is used to
treat and transport water and wastewater [14]. Wastewater treatment (WWT) consumes
approximately 1% of a country’s total electricity, and electricity for a plant’s operation
corresponds up to 50% of its operational costs [3]. On the other hand, water generates
power and delivers or recovers energy for use—44% of total global water withdrawals are
used for energy production [13,15]. As such, the efficient and sustainable management of
combined water and energy systems has already become a priority [14]. In particular,
WWT plants seem to be able to provide ancillary services for electric grids through their
consumption and production processes. Those with anaerobic digestion have already
been found to contribute to energy flexibility solutions due to their electrical consumers,
energy production via combined heat and power units, and gas storage units [5,7,13,16].

This work sought to investigate energy flexibility potential in the WWT plant of the
Benchmark Simulation Model 1 (BSM1); this plant lacks any energy production through
anaerobic treatment of sludge, so the present work solely concentrated on energy flexibil-
ity options relating to electricity consumption. All energy consumed, e.g., for aeration,
pumping, and mixing, is a cost factor for the operation of the model; however, what
mostly determines the cost is the aeration energy, which is the energy consumed to pro-
vide oxygen to the aerobic processes, and the pumping energy for the recycling of the
plant. Out of the two, aeration energy is the more important [5,17,18]. Aeration is the most
electricity-consuming process in a WWT plant, accounting for 40-75% of total electricity
demand [3]. Aeration is one of the key components of the activated sludge process, and it
is one of the most important aspects of modeling WWT plants [19]. Aeration takes place
in large, engineered tanks, in which bacteria need aerobic conditions to convert ammonia
tonitrate. The aeration tank, as the largest electricity consumer, is one of the basic modules
of a WWT plant that can provide reserve control either through intermittent operation or
with pure oxygen [16]. Towards this end, sector-coupling and its synergies, e.g., use of
electrical energy surplus from the grid to produce hydrogen and oxygen with an electro-
lyzer, with hydrogen being used for long-term storage and oxygen for enhancement of
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the purification processes, may also help [20]. Nevertheless, compliance with effluent
quality standards is the main objective of WWT plant operators and it is unlikely that
approaches for energy flexibilization reach full-scale applications if they greatly affect
treatment efficiency. In the case of aeration control, the main risk is increased ammonia
load in the effluent due to insufficient nitrification.

In this work, we aimed at dealing with price spikes (high peak prices) under real-
time pricing tariffs. During real-time pricing, electricity consumers are charged prices that
vary over short time intervals, typically hourly, and are quoted one day or less in advance
to reflect contemporaneous marginal supply costs, where prices spikes are related to pe-
riods of low renewable energy production and the need for load-shedding as a demand-
side response [7,21]. Therefore, two energy flexibility scenarios concentrating on load-
shedding opportunities within the European Power Exchange spot (day-ahead) electricity
market (EPEX SPOT) were investigated under both the default and another six more ad-
vanced control strategies of the BSM1. After that, all useful information was extracted and
all the necessary comparisons were made.

2. Methods and Approach
2.1. Benchmark Simulation Model 1 and User-Defined Control Strategies under Study

The BSM1 is a useful simulation platform for testing and comparing control strategies
in WWT processes. It defines a plant layout, influent loads, test procedures, and evalua-
tion criteria. The plant consists of a five-compartment activated sludge reactor, i.e., two
anoxic reactors (Tanks 1 and 2) followed by three aerobic reactors (Tanks 3, 4, and 5), and
one 10-layer secondary settler. The BSM1 can also be seen as a figure in [22]. Therefore,
the plant combines nitrification (aerobic zone) with pre-denitrification (anoxic zone) for
biological nitrogen removal [22-24]. Sludge in the secondary settler is recycled to the first
anoxic bioreactor (returned activated sludge) in order to maintain the microbiological
population; however, some sludge in excess is pumped out of the settler to keep the
sludge concentration constant. In addition, some of the mixed liquor is recycled to the first
anoxic bioreactor (internal recycle) to enhance nitrogen removal [25]. The International
Water Association (IWA)'s Activated Sludge Model 1 (ASM1) as defined by [26] was se-
lected to model the biological reaction, and the double exponential settling velocity model
of [27] was selected as a representation of the settling process [18,28,29].

Two reference configurations have already been defined for the BSM1, which are the
open-loop configuration where no control is involved and the closed-loop configuration
with a defined and active default control strategy added to it [30]. The closed-loop config-
uration involves two feedback control loops, where the first aims to maintain nitrate con-
centration in the second anoxic (unaerated) tank (Tank 2) at a set point value of 1 gn m3,
and the second aims to maintain dissolved oxygen (DO) concentration in the third aera-
tion tank (Tank 5) at a set point value of 2 go: m3—this is the model’s default control
strategy. Both default controllers that are used are proportional-integral controllers
[22,24,25]. However, it should be emphasized that the default control strategy described
above is not the best strategy available, and it is only provided as a test case for the user.
This strategy only uses two control handles, the internal recirculation flowrate (for nitrate
control), and the oxygen transfer rate in last tank (for DO control). However, there are
approximately 30 individual control handles that can be manipulated within the defined
benchmark plant and are thus available for the implementation of user-defined control
strategies, dramatically increasing the plant’s flexibility [22,30].

The influent dynamics are defined for three different weather conditions: dry, rain,
and storm [22]. Each of the weather files contains 14 days of influent data at 15 min inter-
vals and defines the influent, which is assumed to be primary effluent. In general, these
files were developed based on real data and represent expected diurnal variations in the
influent flowrates, chemical oxygen demand (COD) concentrations, and nitrogen concen-
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trations—the dry weather file depicts what is normal diurnal variations [18,30]. To calcu-
late performance, the system (closed-loop configuration) is first run to steady state by ap-
plying a defined constant influent file over a 150-day period of stabilization with no noise
on the measurements. Dynamic simulation then occurs by first applying 14 days of the
dry influent weather file followed by 14 days of the dry, rain, or storm influent file de-
pending on which weather conditions the user selects. The performance of the benchmark
is then evaluated for the last 7 days of dynamic data [22,24,29].

To carry out simulations, dry weather conditions were selected, a commercial soft-
ware (SIMBA¥) was used, and the methodology mentioned above was applied. To this
end, the following steps were executed: (i) the software ran at steady state for 150 days
and stored the file; (ii) it loaded the last file, ran with data given in the dry weather influent
file for 14 days (0-14), and stored the file; (iii) it loaded the last file, ran with data given in
the dry influent file for 7 days (0-7), and stored the file; (iv) it loaded the last file, ran with
data given in the dry weather influent file for 7 days (7-14), and stored the file; and finally
(v) it calculated mean values of effluent-related parameters for the last 7 days (7-14). How-
ever, ASM1 was slightly modified to meet the needs of the software.

In this work, the default control strategy, Strategy 1, as defined above, was first sim-
ulated. Subsequently, additional basic control loops, as given by [31], were added, and six
new user-defined strategies, Strategies 2-7, were created and simulated (see Table 1). The
control loops that were additionally added aimed at either controlling the DO concentra-
tion in the first and the second aerobic tank by manipulating the respective mass transfer
coefficient kra values based on DO concentration measurements in each reactor, or by
controlling ammonia in the last aerated tank by manipulating the DO concentration set
point, i.e., a primary ammonia controller, together with three secondary DO controllers in
a cascade control configuration. In regard to ammonia-related strategies, both a strict set
point for ammonia concentration and a looser one were tested. Finally, Strategies 2-7 ap-
peared in two versions; one included a nitrate controller, whereas the other included no
such controller (see Table 2). Information on the scenarios relating to energy flexibility
solutions is given later.

Table 1. Controllers in the studied strategies.

Controllers Description
DO DO concentration control by manipulating kra through aeration
Nitrate nitrogen concentration control by manipulating internal recircula-
tion flowrate

NOs-N

Ammonia concentration control by manipulating the DO set point in the DO

NHs-N
¢ loop (cascade control)

Table 2. Location and set points of the controllers in the different control strategies.

DO NOs-N NH4-N
Strategy Location SP Location SP Location SP
(mgo2 L) (mgn L) (mgn L)

Strategy 1 Tank 5 2 Tank 1 1 —
Strategy 2 Tanks 3, 4, and 5 2 Tank 1 1 —
Strategy 3 Tanks 3, 4, and 5 2 — — —
Strategy 4 Tanks 3, 4, and 5 04 Tank 1 1 Tank 5 1
Strategy 5 Tanks 3, 4, and 5 0-4 — — Tank 5 1
Strategy 6 Tanks 3, 4, and 5 04 Tank 1 1 Tank 5 3.5
Strategy 7 Tanks 3, 4, and 5 04 — — Tank 5 3.5

SP: set point, DO: dissolved oxygen.
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2.2. Energy Market in Germany and Analysis of Energy Consumption Data

The different electricity markets include the forward/future market, the day-ahead
market, the intraday market, and the balancing market. The forward/future markets run
from years before to the day before delivery. In the day-ahead market, electricity is traded
one day before delivery, whereas in the intraday market, electricity is traded on the deliv-
ery day. Finally, the balancing market, which is the last in a sequence of electricity mar-
kets, occurs just minutes before the energy delivery [32-36]. The European Market Cou-
pling, of which EPEX SPOT is a major contributor, allows for electricity to flow freely
across borders. As such, it is distributed more efficiently all over Europe because flows
follow price signals. EPEX SPOT, which was our focus of interest, operates the most liquid
day-ahead and intraday markets in Europe. Both markets fulfill different purposes, and
they are indispensable links of the energy value chain [37].

In regard to this work, the most important market was the day-ahead. In Europe,
day-ahead markets are also known as spot markets, or markets where electricity is traded
for immediate use; however, they are practically forward/future markets, as they deal
with electricity and reserves for future use. However, the term forward/future market is
mostly used for markets that take place before the day-ahead market [33]. The day-ahead
market allows electric energy trading one day ahead of energy delivery. It is cleared
around noon the day before to the day on which energy is to be delivered. Clearing at
noon one day before means 12 h anticipation regarding the first delivery hour, and 35h
anticipation regarding the last delivery hour. Such anticipation is needed by some energy
producers, like nuclear plants or coal plants, due to their technical limitations on opera-
tional flexibility [32]. In more detail, the trading is driven by its participants. A buyer
needs to assess the amount of energy they need in order to fulfil their customer’s require-
ments for the following day, and the cost of its purchase price hour by hour. The seller
also submits the quantity they can deliver next day, and at what price level on an hourly
basis. The deadline for the members to submit the price and the quantity for which they
seek to make an agreement is 12:00 noon Central Europe Time (CET). These bids are in-
serted into a complex algorithm to calculate the clearing price. This process takes around
42 min. From 12:00 midnight CET next day, the sellers deliver the power at the contracted
rate [38].

However, the day-ahead market has to be complemented by the intraday and bal-
ancing markets to overcome unplanned events, e.g., unexpected power plant outages, and
changing weather conditions, e.g., better wind forecasts, thus allowing market partici-
pants to correct for shifts in their day-ahead nominations [33,39]. In Germany, the intraday
markets, typically organized by power exchanges, take the form of continuous trading
allowing purchasing and selling of electricity throughout the whole day, up to a few
minutes before delivery. On the intraday market, market participants trade continuously,
24 h a day, with delivery on the same day. Electricity can be traded up to 5 min before
delivery, and through hourly, half-hourly, or quarter-hourly contracts. As this allows for
a high level of flexibility, members use the intraday market to make last-minute adjust-
ments and to balance their positions closer to real time, something already mentioned
above. However, intraday prices have not been studied as intensively as their day-ahead
counterparts, and research typically focuses only on short-term forecasts, so it assumes
knowledge of the day-ahead prices. The final balancing of the demand and supply is
achieved through the balancing markets, which are controlled by system operators and
aim at securing the system’s stability [37,39]. More detail on the German Energy Market
is given by the Federal Ministry of Economic Affairs and Energy in [40].

In this work, as we concentrated on the German electricity market, we used day-
ahead electricity prices as provided by the EPEX SPOT for the calculations. At the time of
writing of this document, EPEX SPOT data were available until the end of 2020. For this
work, we needed to know electricity prices for at least 14 consecutive days, 24 h a day, as
the software used a 14 day data set on a loop for the whole duration of simulations. As it
was decided for this work to concentrate on the most recent data, we selected a set of data
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in autumn 2020 with the values lying between 21 September 2020 and 4 October 2020 —
this is also shown in Figure 1. During this time, the average electricity price was equal to
39.99 € MWh, with 50% of the values being equal to or lower than the average.

Hourly Electricity Prices over Time (14 days)
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Figure 1. Day-ahead electricity prices over time.

To carry out this research, the educated guess was made that one fourth of the time
under study should have been subject to energy flexibility. The 75th percentile for the se-
lected set of data was calculated to determine the corresponding price limit for purchase
of electricity, and it was found to be equal to 51.15 € MWh. The time above the limit
comprised 19 flexibility calls ranging from 1 hour to 17 consecutive hours. To explain fur-
ther, a price of 51.15 € MWh'means that a plant operator can unrestrictedly buy electricity
any time it is being sold at a price below or equal to 51.15 € MWh-!, whereas flexible solu-
tions must be identified each time electricity is being sold at a price over 51.15 € MWh-.
During these times, options like shutting down the plant, switching off items of equip-
ment, or reducing DO concentration in aeration tanks can be taken into consideration [22].

In this work, two energy flexibility scenarios plus the default scenario without energy
flexibility were tested per strategy —these scenarios took effect only during the flexibility
calls, while the rest of the time the aeration was as per the applied strategy. Both scenarios
were selected bearing in mind that the nitrifying bacteria, to the best of our knowledge,
would not be endangered at any time. Therefore, the evaluation of the simulation results
in terms of effluent water quality was carried out based on ammonia concentration. Sce-
nario 1 recommended shutting off aeration in all three aeration tanks; however, any time
ammonia concentration would be over 4 mgn L, the aeration was reinstated. Scenario 2
recommended intermittent aeration, which was subject to a 1 h on/off aeration cycle dur-
ing which aeration was suspended for the first 30 min and reinstated for the remaining 30
min. Scenario 1 was then characterized by an undetermined on/off aeration cycle that de-
pended on changes of the effluent quality, whereas Scenario 2 depended on a well-deter-
mined aeration scheme, which was unaffected by any changes of treated water quality.
However, for both scenarios, air flowrate was never equal to zero during the aeration
shut-off periods, as a minimum very low air flowrate was maintained to ensure enough
mixing without having to use mechanical mixers. This minimum air flowrate corre-
sponded to a kra-value of 20 d' according to guidelines provided by IWA [30]. An over-
view of the studied flexibility scenarios can be found in Table 3 below.
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Table 3. Overview of studied flexibility scenarios.

Scenario 1 Scenario 2

Intermittent aeration (one
Flexibilization option Complete aeration shut-off hour cycle with 30 min off
and 30 min on)
Minimum air flow dur-
ing shut-off
Affected tanks of BSM1 Tanks 3, 4, and 5 Tanks 3, 4, and 5
Effluent ammonia concentration be-

kra>20d kra>20d

Condition regarding ef-

. low No condition
fluent quality

4 mgn L1

3. Simulations and Discussion

As a first step, the control strategies had to be evaluated against ammonia concentra-
tions in the effluent. In this approach, simulations where carried out for each of the strat-
egies described in Tables 1 and 2 without any consideration for energy prices (no-energy-
flexibility scenario). Simulations were then conducted for the seven control strategies with
the integration of energy prices according to Scenario 1 and Scenario 2. The resulting time
series from the simulations for two of the seven strategies, Strategy 1 and Strategy 5, are
shown in Figures 2 and 3 below, respectively. Further analysis of the performance of the
strategies in the different scenarios is presented in Section 3.3.
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<
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0
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= Limit of Ammonia No flexibilization «ceeee+- Scenario 1 — — Scenario 2

Figure 2. Course of ammonia concentration over time for Strategy 1.
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Figure 3. Course of ammonia concentration over time for Strategy 5.

Based on Figure 2 above, the time series for the no-flexibilization scenario indicated
that the presented control strategies were unable to maintain the ammonia concentration
in the effluent below the critical value as defined for the BSM1 model (4 mgn L) through-
out the whole time period of 7 days. The same was true for the remaining strategies. The
fact that this also applied to the default strategy (strategy 1) indicates that the BSM1 model
has been designed so that water quality in the effluent does not meet the required criteria
all the time.

Taking into account the results described above, a comparison between the strategies
in relation to their flexibility capacity and treatment performance was carried out for each
scenario. The percentage of time during which the concentration limit for ammonia in the
effluent was not met was quantified, along with the energy consumption as the sum of
aeration energy and pumping energy. In this work, the pumping energy was regarded as
the sum of the energy consumed for the removal of the excess sludge for the internal re-
cycle and for the external one. Results are summarized in the following sections.

3.1. Control Strategies: No-Energy-Flexibility Scenario

The parameters for the control strategy evaluation for the scenario without energy
flexibilization are presented in Table 4 below.

Table 4. No-flexibility scenario: parameters.

Strategy Percentage of Time over the Ammonia Con- Energy Consumption
centration Limit (MWh over 7 Days)
1 15.9 27,466.7
2 14.8 26,299.3
3 14.1 27,280.8
4 12.4 30,319.5
5 10.3 32,895.7
6 26.9 24,774.8
7 26.2 26,043.6

As seen in the table above, addition of the nitrate control loop to a strategy slightly
deteriorated performance in terms of removal of ammonia. In other words, when com-
paring two strategies between which the only difference was the existence or not of the
nitrate control loop, the one that lacked it ensured a larger percentage of time during
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which ammonia concentration in the effluent was below 4 mgn L. After running the sim-
ulations, lower nitrate concentrations in the effluent were recorded when the nitrate con-
trol loop was used, which could have been a result of poorer nitrification. This could have
produced higher ammonia concentrations in the effluent, which subsequently increased
the length of time during which concentration was above the critical concentration. After
all, the role of the nitrate control loop is not related to nitrification—rather, its role is to
improve the denitrification that is taking place in the anoxic zone.

Strategy 5, which controlled ammonia in Tank 5 at 1 mgn L and lacked any nitrate
control loop, had the best performance of all strategies. On the other hand, Strategy 6,
which controlled ammonia in Tank 5 at the much higher value of 3.5 mgn L and included
the nitrate control loop, was the worst. This means that the selection of the set point in
ammonia-based control strategies was very important. At this point, it is also worth men-
tioning that the three water quality parameters of interest that are not strongly or not at
all related to nitrogen, that is COD (concentration limit in the effluent: 100 gcop m=), total
suspended solids (TSS) (concentration limit in the effluent: 30 gss m=), and 5-day biochem-
ical oxygen demand (BODs) (concentration limit in the effluent: 10 gsops m3) [22], always
remained below the limit for all strategies, making ammonia concentration the critical pa-
rameter that required continued attention.

However, in terms of total energy consumption, results were different. As already
mentioned, energy in this work was assumed to be the sum of electricity that was con-
sumed for pumping and aeration—the formulas and the coefficients used for the calcula-
tion are provided in [22]. In this case, upon the comparison of two strategies for which the
only difference was the existence or not of the nitrate control loop, the one including the
control loop consumed less energy. This was expected as the nitrate control loop kept
alternating the flowrate of the internal recycle and adjusting it to the values required. On
the other hand, when the nitrate control loop was excluded, the flowrate remained con-
stant regardless of the needs of the WWT plant. This time, Strategy 6, which controlled
ammonia in Tank 5 at 3.5 mgyn L7, and included a nitrate control loop, appeared to have
the best performance of all strategies. On the other hand, Strategy 5, which controlled
ammonia in Tank 5 at the much lower value of 1 mgn L and lacked the nitrate control
loop, was the worst. From the above, it can be said that the percentage of time over the
limit and the energy consumption rate are inversely related. However, the percentage of
time over the limit for Strategy 5 was 2.6 times less than that in Strategy 6, and the energy
consumed was 1.3 times higher accordingly. To this end, Strategy 5 was better than Strat-
egy 6; however, the final decision always depends on what the plant operators consider
to be more important.

3.2. Energy Flexibility Scenarios
3.2.1. Scenario 1: Undetermined On/Off Aeration Cycle

Scenario 1 ordered that air would be shut off in all three aeration tanks each time the
electricity price was equal to or higher than 51.15 € MWh-! and the ammonia concentration
at the exit of the aerobic zone was below 4 mgn L-'—any time the concentration was over
4 mgn L7, aeration did not stop or, if had already been interrupted, it was reinstated. As
for the analysis above, the evaluation parameters are summarized in Table 5.
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Table 5. Scenario 1: parameters.

Percentage of Time over

E C ti P t f Ti f
Strategy the Ammonia Concentra- nergy --onsumption  Tercentage ot “lmeo

. .. (MWh over 7 Days) No Aeration
tion Limit
1 4491 25,930.5 10.57
2 45.06 25,074.7 10.12
3 45.06 25,806.7 10.12
4 36.53 30,828.1 12.50
5 35.01 32,436.1 12.35
6 50.75 26,641.4 10.12
7 48.20 27,487.7 10.12

Similarly to the case where the no-energy-flexibility scenario was applied, Strategy 5
both had the best performance with respect to percentage of time during which ammonia
concentration in the effluent exceeded the limit and consumed the largest amount of en-
ergy over time. Even though Strategy 6 was no longer the strategy that consumed the
lowest amount of total energy, it still remained the best among the ammonia-related con-
trol strategies. In terms of percentage of time during which aeration was shut off, this
strategy was characterized by the second longest period during which aeration could re-
main suspended, behind only Strategy 4, for which difference with Strategy 5 was the
inclusion of the nitrate controller. To this end, there seems to be some contradiction, as the
strategy that maintained the air blowers switched off for more time than most of remain-
ing strategies also had the highest energy consumption rate. However, as seen in Figure
4, which shows the course of the sum of the kira values in all three aeration tanks for Strat-
egies 3, 5, and 7, which were selected because all of them excluded the nitrate controller
and their comparison was feasible, this occurred due to nature of the control strategy. In
regard to this strategy, it is true that the air system was shut down for a long time, but for
the rest of time, DO concentration values could freely soar up to 4 mgoz L™ each time that
was required, significantly increasing the kia values and consequently the energy con-
sumption. However, based on the priorities set, Strategy 5 was still the best strategy in
terms of performance. This strategy ensured the shortest period of time during which am-
monia concentration surpassed the limit, which was the highest priority, and, at the same
time, it ensured a quite long period of time during which aeration remained shut off,
which was the second most important condition, as the idea was to buy as little electricity
as possible during the times this was expensive.

Mass Transfer Coefficient over Time
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Figure 4. Mass transfer coefficient over time.
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3.2.2. Scenario 2: Predetermined On/Off Aeration Cycle

Scenario 2 ordered that air would be shut off in all three aeration tanks each time the
electricity price was equal to or higher than 51.15 €, according to the determined aeration
cycle of 30 min on/30 min off. This means that for a fixed 12.5% of the 25% of the time that
was subject to energy flexibility, the aeration would be suspended. Like the analysis be-
fore, the evaluation parameters are summarized in Table 6.

Table 6. Scenario 2: parameters.

Strategy % of Time over the Ammonia Concen- Energy Consumption
tration Limit (MWh over 7 Days)
1 66.47 25,367.5
2 60.48 23,838.9
3 59.88 24,309.7
4 43.41 29,369.6
5 41.32 30,923.2
6 58.53 25,930.8
7 57.63 26,531.3

Similarly to before, Strategy 5 once again had the best performance in terms of am-
monia removal at the exit of the plant. Strategy 5 was also the best strategy with respect
to the percentage of time during which the air blowers remained switched off; however,
in this scenario, this made no difference as all strategies were characterized by the same
percentage. Finally, the total energy consumed by Strategy 5 was again the largest, with
Strategy 6 being the one that consumed the least among the ammonia-related strategies,
which was in line with Scenario 1.

3.3. Aggregated Results and Final Discussion

Figure 5, containing the aggregated results for the potential flexibility options stud-
ied in this work, is shown below.

(a) Percentage of Time over the Ammonia
Concentration Limit
70 3,
60
50
&40
2 30
£20
=10
0 I T T T
1 2 3 4 5 6 7
Strategy

=@ No Scenario =@ Scenario 1 Scenario 2



Processes 2021, 9, 1854

12 of 15

(b) Electricity Consumption
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Figure 5. No scenario, Scenario 1, and Scenario 2: aggregated results for the percentage of time above
ammonia concentration limit (a), electricity consumption (b) and percentage of time without aera-
tion (c).

Itis clear from Figure 5a that Scenario 1 removed more ammonia than Scenario 2. All
control strategies for Scenario 2 ended up with a higher percentage of time over the am-
monia concentration limit than their respective strategies for Scenario 1. This means that
the undetermined cycle of Scenario 1, which was governed by effluent quality restrictions,
complied with the regulations for a longer period of time than the predetermined cycle of
Scenario 2, which was based on a fixed on/off aeration cycle.

Strategy 5 always had the best performance regardless of the scenario. However, as
Strategy 5 for Scenario 1 maintained the ammonia concentration in the effluent within
limits for a longer time period than any other strategy in both scenarios, this strategy
seemed to be the most attractive. Of course, that strategy was characterized by the highest
energy consumption overall (see Figure 5b); however, the total energy consumed was of
low priority to this work and instead, the important consideration was the amount of en-
ergy that had to be bought during the flexibility calls. Even though the time during which
aeration was shut off was slightly less (12.35%) than the 12.5% that was ensured by all
strategies for Scenario 2 and Strategy 4 for Scenario 1 (see Figure 5c), the fact that the latter
had longer time periods during which the ammonia concentration was over the limit
helped to determine Strategy 5 for Scenario 1 as the best possible option. From the above,
it is clear that the control of ammonia at the exit of Tank 5 was critical. However, despite
the fact that Strategies 4 and 5 for both scenarios managed to control the system best,
Strategies 6 and 7 significantly failed to achieve this, in spite of all four having aimed at
controlling ammonia in the same place. This means that it was not the strategy itself that
determined the performance, but the selected set point. Therefore, the stricter the set
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point, the better the ammonia removal, but, on the other hand, the stricter the set point,
the larger the amount of total energy consumed.

Now, if priority had been given to the amount of time during which aeration had
been suspended, Strategy 5 for Scenario 1 would have been replaced by Strategy 4 for
Scenario 1 as the best option, meaning that Scenario 1 always outmatched Scenario 2. This
is due to the fact that all strategies for Scenario 2, plus Strategy 4 for Scenario 1, had the
same percentage of time during which aeration was shut off (12.5%); however, Strategy 4
for Scenario 1 had a shorter period of time during which the ammonia concentration at
the exit surpassed the limit. Although Strategy 4 had a slightly higher total energy con-
sumption for Scenario 1 than for Scenario 2, the maximum time during which equipment
was switched off for Scenario 2 was half an hour, whereas for Scenario 1, that time was
equal to three hours. In general, the more time the equipment is switched off, the greater
the possibility that the bacterial culture is affected. Even though the model showed that
three consecutive hours of almost zero air provision had no detrimental effect on the bac-
terial culture, as ammonia removal was able to reinstate when air blowers were switched
on again, we recommend that this also be confirmed experimentally.

Even though this is a preliminary piece of work in the field, it is quite useful, as it
provides the reader with a methodology for dealing with demand-side energy flexibility
in wastewater treatment plants. This work managed to evaluate a number of different
control strategies against potential energy flexibility options and opened up new possibil-
ities for more options to follow. Therefore, this methodology can soon be applied to real
wastewater treatment plants. In any case, more scenarios must be tested and evaluated in
the near future, and concepts like on-site energy storage and the wastewater treatment
plant as a micro-grid, together with on-site energy production, either related to anaerobic
digestion or not, must be considered. However, these preliminary results appear to be
quite promising, and the methodology used can be easily adopted by plant operators who
are interested not only in reducing energy consumption when it is expensive, but also in
enhancing the water sustainability credentials of their plants.

4. Conclusions

The definite future prioritization of weather-dependent renewable energy resources
in the energy sector will unavoidably lead to fluctuations in electricity production. Be-
cause of this insecurity in production, all energy producers and consumers are due to ex-
plore energy flexibility schemes in the near future. WWT plants are rather energy-inten-
sive, so potential energy flexibility solutions are imperative so that their operators can
cope with high peak electricity prices successfully.

In this work, we sought ways of providing on-site energy flexibility through de-
mand-side response for the wastewater treatment plant of the BSM1. The plant was first
tested under seven different control strategies, including the default strategy along with
six additional more advanced strategies which controlled DO in the whole aerobic zone,
either with or without an ammonia primary controller. This analysis, which was the ref-
erence point for this work, was free from any energy flexibility scenario. Next, two energy
flexibility scenarios were put in place and all strategies were evaluated against the new
operating conditions.

Results showed that when the no-energy-flexibility scenario was employed, the am-
monia concentration in the effluent was at times higher than the upper limit, so there was
a percentage of time during which treated water was not suitable for discharge. Introduc-
tion of the flexibility scenarios in the model further diminished this percentage of time;
however, Scenario 1, which was based on an undetermined on/off aeration cycle, outper-
formed Scenario 2, which was based on a predetermined one. Strategy 5 for Scenario 1,
which controlled ammonia in Tank 5 at a rather strict set point, was found to be the best
option, although the most expensive. However, in this research, the amount of energy that
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had to be bought during the flexibility calls was more critical than the overall energy con-
sumed, so Strategy 5 for Scenario 1 still remained the best choice as it had a slightly larger
percentage of time during which the air blowers were switched off.
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