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Abstract

:

In this paper, research on improving the economic efficiency of 38 drainage pumping stations was undertaken. Particular attention was paid to the effectiveness of activities without considering any expenditures. Energy costs for this type of machine are usually high, approximately 45% of the total maintenance cost. The main assumption of this work was the selection of appropriate energy tariffs to reduce operating costs. Liquid transport in any economy consumes significant amounts of electricity, estimated at 20–30% of the total electricity production. The optimization of the energy consumption of pumping processes is, therefore, very important. While analyzing the choice of energy tariffs, we designed profitability ratios (PR) specifically for different daily time zones. With the forecasted distribution of energy demands for different daily time zones (usually 2 or 3 zones), it was possible to compare multi-zone tariffs with 24 h tariffs. The profitability of the tariffs was decided by the value of the PR indicator. The lower, the better. In practice, this meant that the analyzed multi-zone tariffs, in most cases, are more profitable compared to single-zone tariffs. In the Polish energy system, each entrepreneur, depending on the connection power, has a right to choose a particular energy tariff from three tariff groups, i.e., high (A), medium (B), and low (C) voltage. In the case of land reclamation pumping stations, energy tariffs are usually from groups B and C. The choice of tariffs largely depends on the contracted capacity and is determined by tariff regulation. Nowadays, the current energy system forces entrepreneurs to declare a connected power load at the level corresponding to the maximum use of the production potential. Lack of knowledge of the hydrological regime, quite common for land reclamation pumping stations, usually results in overestimating the contracted capacity. When comparing the effect of changing tariffs, it was found that the profitability of this method is significant. The four-year study period (2010–2013) showed that active energy in the multi-part tariffs of groups B and C is on average 10.2% cheaper than in the single-part tariffs and varies in a wide range from 2% to 20.4%. The analysis carried out on 38 drainage pumping stations shows that for only five pumping stations could changing the current tariff be unjustified. In the other cases, the four years of analysis demonstrates that changing the current energy tariff could reduce electricity costs by approximately 5%., i.e., approximately PLN 124,000 per year (approximately EUR 27,000).
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1. Introduction


Energy is a fundamental requirement for domestic and industrial sectors. The alarming rate of increase in the world’s population and the economy has led to enormous energy consumption [1]. The world’s energy usage is expected to increase by 30% from 2016 to 2030 [2]. Moreover, according to the US Energy Information Administration [3], by 2050, global energy use will increase nearly 50% compared with 2020—primarily a result of non-Organisation for Economic Co-operation and Development (OECD) member countries’ economic and population growth, particularly in Asia. According to the Local Data Bank of Statistics Poland (GUS) [4], in Poland in 2020, electricity consumption amounted to 161.0 TWh, of which 42.5% was in industry and construction. As Jędral [5] reports, the demand for energy in Poland, especially electricity, is growing by approximately 1.5% per year. As per the International Energy Agency (IEA), electric motors consume almost half of the world’s energy production and are responsible for nearly 70% of total electricity consumption in industries [6]. According to the report made by the European Commission (EC) [7], pumping systems account for nearly 22% of the energy supplied by electric motors in the world, as shown in Figure 1.



These data are confirmed by studies by the United States Department of Energy/Lawrence Berkeley National Laboratory and the European Commission, which show that more than 20% of global motor electrical energy consumption is by pumps [8]. This research also indicates that the initial cost of the pump is only a fraction of the total life cycle cost (LCC) [9] and concludes that the operating cost of a pump dominates its LCC. The operation and maintenance cost was almost 92 to 97 percent of the total cost. According to the research, optimization reduces pump operation costs by approximately 10–20%. However, comparing economic benefits per country would be too complex because the effects of optimization differ depending on each country’s power cost estimation system and the existing operations [10]. As reported by [11], the greatest expense of LCC is electricity. In municipal environments, LCC can be as high as 85%. In the case of drainage pumping stations, electricity costs account for 22.5 to 70.9% of operating costs [12]. It is clear that the biggest saving opportunity over the life cycle of a pumping system lies within the electrical energy costs. When physical elements can not be changed (electric engine, pump, variable speed drive (VSD), etc.), the energy cost is related to electricity consumption and the electricity price structure. To minimize the electricity cost of the pump station, electricity consumption needs to shift from peak time to off-peak time or standard time as much as possible. This is called load shifting (LS) [13]. However, in the case of different types of drainage pumping stations [14], atypical pumping systems, and various operating conditions, LS could be troublesome.



This study aimed to determine the improvement of economic efficiency by applying the mechanism of optimizing energy tariffs using data mainly from energy bills. In this study, 41 drainage pumping stations were analyzed. However, due to gaps in the data on pump operation time and information on electricity consumption, only 38 stations were taken into account. This study uses profitability ratios that determine the percentage increase (decrease) in the economics of using a given tariff in relation to the pump operation time between 2010–2013. Forecasting models adjusting the pump operation time to the given tariff and off-peak zones were not analyzed. This study is of a cognitive nature, which could give rise to further research.




2. Market Energy in Poland—Structure of Tariffs Energy


The Polish energy market for electricity and natural gas is one of the largest markets in the European Union and the only one in recent years characterized by a steady increase in the consumption of these commodities [15]. The continuity and stability of electricity supplies in Poland are guaranteed by a group of entities creating subsystems within the National Power System (NPS). These entities are separate companies subject to independent institutions and regulations. The subsystems that make up the NPS are the generation subsystem, transmission network, and distribution network. Their functioning is regulated by numerous legal Acts created by the European Union and Poland’s government. Among the National Acts in Poland, the most important is the Energy Law from 10 April 1997 [16], which takes into account the directives of the European Communities. There is also a set of documents named “Energy policy until…” that groups the goals and directions of the national energy economy for the next couple of years. Until 2020, the operative Act in this series was the “Energy Policy of Poland until 2030” [17]. From 2 February 2020, the Council of Ministers approved a new Act: “Energy Policy of Poland until 2040” [18]. According to this document, Poland’s policy changes in the broadly understood energy sector have been based on three pillars: fair transition, a zero-emission energy system, and a significant improvement in air quality. Additionally, the European Commission, as a part of the European Green Deal, proposed to reduce green gas emission by 2030 to at least 55% compared to 1990 [19]. This package set three targets:




	-

	
cut greenhouse gas emissions by at least 40% (compared to 1990);




	-

	
increase the share of renewable energy by at least 32%;




	-

	
improve energy efficiency by at least 32.5%.









The demand side of the retail electricity market in Poland consists of a couple of end-user groups. In total, there are approximately 17.05 million end-users, and among them, 90.3% (15.4 million) are customers belonging to tariff group G, which includes the majority of household consumers (over 14.5 million). The rest of the end-users are customers who belong to tariff groups A, B, or C. The first two groups, A (top strategic clients) and B (big key clients), include customers connected to high and medium voltage grids, whereas group C contains customers supplied from the low voltage grid. All three groups consume electricity to maintain their business activity, and they are referred to as commercial customers [15].



A significant issue in the Polish electricity market, since the change in the late 1990s, is the collection of detailed information on the electricity consumption of the individual consumers of tariff groups A, B, and C, supplied from different voltage levels. Knowledge of load schedules based on hourly measurements has become the basis for electricity sales forecasting and customers clustering [20]. Regarding financial systems, the electricity billing system in Poland is well developed. The third-party access (TPA) rule (now regulated by [21]) has been functioning in the Polish energy market since 2007. Users can buy energy from any seller. The billing system is normalized, and users are classified according to the voltage from which they are powered and the protection used. End users (companies and households) have the right to choose an electricity producer, but the choice of the distributing company (final supplier) depends on geographic location. The time zones differ between sellers and the season. Energy companies set tariffs for gaseous fuels or energy under the rules set out in the provisions of the Act [16] and administrative regulations issued based on this law. In the field of electricity, these provisions are the ordinance of the Minister of Energy, henceforth called “the Tariff Regulator” [22]. Tariffs are shaped in such a way as to equalize the load curve. During periods of significant energy consumption (usually from 6 a.m. to 1 p.m. and from 3 p.m. to 10 p.m. on weekdays), energy is more expensive, while in periods of reduced demand (from 10 p.m. to 6 a.m., and from 1 p.m. to 3 p.m., and weekends), the price is lower. These periods are called peak hours and off-peak hours. Each of the system operators (setting prices for distribution fees), and each of the sellers, can set their hours (of course, they must be later approved by the President of the URE under Energy Law) [16]. Each of the tariffs is created according to the scheme, by Article 6, Act 1 of the Tariff Regulations (Table 1). For example, tariff B21 means that the consumer uses the medium voltage grid, has energy receivers with a total power exceeding 40 kW, and is billed in one zone (one price rate for 24 h a day).



For commercial purposes, simultaneous tariffs may have different names from different vendors and operators of the distribution system. As a result, it is difficult to compare the offers of individual sellers and choose the optimal tariff. Theoretically, a diversified tariff offers consumers the possibility of tailoring the offer to their needs. In practice, with relatively low electricity prices, a multitude of tariffs leads to a situation in which consumers often do not try to assess their consumption [23,24]. As a result, this system does not encourage pro-saving behaviours. These observations confirm research in the context of market liberalization in Europe in general [25] and tariff systems in Poland specifically [26,27].



Energy tariff structures are common demand-side management (DSM) and demand response (DR) mechanisms used to improve the energy system in terms of consumption [28,29]. Through the application of different energy pricing structures (e.g., time-of-use rates) and charges (e.g., energy usage and peak power demand charges) in different billing terms, consumers are encouraged to change their habits. These mechanisms incentivize the reduction or shift of peak power demands at specific times for a specific duration, avoiding investments in additional infrastructure by balancing energy use and, consequently, reducing greenhouse gas (GHG) emissions [30].




3. Materials and Methods


3.1. Study Site Characterization and Analyzed Data


This study was carried out based on an analysis of 41 drainage pumping stations out of 50 in the Greater Poland Voivodeship of Poland (Figure 2). Until the end of 2017, these facilities were administered by the Department of Drainage and Water Administration in Poznan (WZMiUW). Since 1 January, the main entity responsible for national water management has been the National Water Management Authority (RZGW) [31]. According to [32], RZGW administrates 587 drainage pumping stations. These facilities have an impact of over 608,000 ha. According to the author’s conservative estimates, the total power of all pumps is about 78 MW. In the analyzed area, these pumping stations with a total capacity of over 4.7 MW are responsible for water management in an area of over 64,000 ha (Table 2). Detailed research carried out on one of the facilities showed the possibilities of improving energy and economic efficiency [33]. Therefore, the study undertook the analysis of a larger number of facilities, limited to economic improvements. For this purpose, pump operation times, partly from operating logs and the monitoring system, and general operating costs of the pumping station were analyzed. The pumping costs were extracted from operating costs by analyzing 1870 electricity bills from 2010–2013 in detail. From this information, the amount of kWh of active energy consumed in various energy tariff zones was distinguished. In the next step, these data were compared with the information about the actual operating time of the pumps, which made it possible to identify the actual energy consumption for the pumping process, ignoring other consumption costs, such as heating or lighting. Due to data gaps, 38 drainage pumping stations were finally considered. The economic efficiency of the tariff change was assessed using the current value, i.e., for the year 2021.



The energy consumption in the remaining years was taken as average values from the research period, including the increase in energy costs, according to Grycan [34]. To make the costs comparable, the future value method (FV) was used, which transfers all the costs during the project time to a base year: Equation (1).


  F V = P V ·  p t  ,  



(1)




where:




	
FV is the future value, which transfers all the cost from the past to the base year (2021);



	
PV is the present value or current value of the future of energy savings;



	
pt is the interest factor, which is described by Equation (2):










   p t  =    (  1 + r  )   t   



(2)




where:




	
r is the interest rate (nominal);



	
t is the number of years.








The interest factor (pt) allows determining the final value for the years proceeding the base year. The interest rates (r) for the analyzed years were adopted based on reference and discount rates from the National Bank of Poland (NBP) and calculated in accordance with the communication from [35]. The inflation for the analyzed period was taken from Statistics Poland [4]. Real interest rates were calculated using The Fisher Equation (3):


  r r =    (  1 + r  )     (  1 + i  )    − 1  



(3)




where:




	
rr is the real interest rate;



	
r is the nominal interest rate;



	
i is the inflation rate.








Two groups of energy tariffs were analyzed in this study. In general, they can be divided into two types:




	
fixed tariffs (in this work called 24 h tariffs);



	
time of use (TOU) tariffs (often named multi-zone or multi-part tariffs).








TOU tariffs have emerged as one of the most common approaches adopted by utility companies to achieve more efficient and effective demand management. A TOU tariff establishes differing rates for electricity consumption during different periods of the day [36]. Generally, there are two or three periods during a day: on-peak, off-peak, and, in some cases, mid-peak hours. Among the analyzed tariffs from the first group, the following tariffs were taken into account: B11, C1, and C21, and from the remaining groups, tariffs B21, B22, C12a, and C22a. Electricity prices and analyzed tariff plans are shown in Figure 3.




3.2. Hydro-Meteorological Conditions and Their Influence on Pumping Stations’ Work


Hydro-meteorological variables have an impact on pumping work, where the most important impacts are radiation, temperature, rainfall, and water levels. According to the Köppen-Geiger classification [37], the local climate of Poland is Dfb, a warm temperature subtype of humid continental climate also known as a hemiboreal climate found in much of Eastern Europe and the south and central parts of Scandinavia. The average annual precipitation (1989–2018) from the nearest meteorological station, Poznań (52°25′ N, 16°55′ E) [38], is 523 mm and mostly concentrated in the summer (June–August). The value corresponds to the most arid regions of Europe [39]. Sixty percent (330 mm) of the average annual precipitation occurs during the growing season (April–September). During the analyzed period (2010–2013), the annual precipitation, depending on the district and year, fluctuated widely (Figure 4). The analyzed period was exceptional in terms of the conducted research period. The year 2010 was clearly wet. At this time, one of the largest floods occurred in Central Europe, including Poland, as a result of heavy rainfall. Whereas the following year, 2011, was a period of drought. According to [40], in total, about 4% of the Greater Poland Voivodeship is covered by flood-risk areas. Half of this area is serviced by the analyzed drainage pumping stations.



The year 2011 was an average (Piła) or dry year. Within the analyzed districts, the following years were quite varied. According to [41], Greater Poland is in the region with the lowest precipitation in Poland. This region is also characterized by a high coefficient of variation (CV) of precipitation (up to 250%). Moreover, researchers found that in the last 50 years, in this part of Poland, there have been periods when the sum of precipitation during the season (IV–IX) was smaller than average by half and sometimes more (e.g., in 1989, precipitation was only 113 mm, and in 1992 160 mm). The drainage pumping station is an extensive system of supply channels, whereby efficiency determines the pump’s operation. In flat valleys, keeping the minimum speed to avoid overgrowth and siltation of water beds is often a problem [42]. The water level, which should be no less than 20–30 cm, also influences the overgrowth of channels [43]. According to [44], even slight channel overgrowth with water vegetation on the bottom and slopes, especially in small watercourses and drainage canals, can significantly affect channel capacity. Due to the difficulties maintaining necessary water velocities in watercourses, increased maintenance works should also be taken into account. The operational problems of drainage devices have gained importance, especially after the fourth report on climate change [45]. The projections indicated therein suggest growth in intense rainfall, especially in summer periods, and, thus, an increased risk of flooding [46]. As emphasized by Van Overloop [47], gradually increasing weather anomalies and more frequent inflows to the pumping station, also caused by urbanization, should be corrected not by a gradual increase in the efficiency of the pumps, but by an appropriate operating philosophy, referred to as “First retain, then store, only then discharge “. The description of the dynamics of water level changes in open channels as a result of the impact of the operation of pumps is complex. There are methods for a mathematical description of these phenomena, e.g., based on De Saint Venant differential equations [48]. However, the solution of these equations requires knowledge of many different parameters, which are difficult to obtain. Further, some of them depend on time. With the change of seasons, the hydraulic parameters of the canals change significantly [49,50]. The variability of water levels in the supply channel is satisfactorily described by models using neural networks, which was confirmed by experimental studies [47,51,52].




3.3. Energy Cost Calculation


The monthly fee for electricity consumption is calculated from Formula 4 in accordance with the ordinance of the Minister of Energy [22]:


   O  p o i   =   ∑   k = 1  r   C i  ·  E  p i k   +  S  S V n   ·  P i  +   ∑   k = 1  r   S  Z V n k   ·  E  p i k   +  S  o S J   ·  E  o k   +  S  o p   ·  P i  +  O a   



(4)




where:




	
Opoi is the payment for electricity and distribution services (PLN);



	
Ci is the electricity price in a given time zone k (PLN·kWh−1);



	
SSVn is the fixed component of the grid rate (PLN·kW−1·miesiąc−1);



	
Pi is the contracted capacity (kW);



	
SZVnk is the variable component of the network rate for the time zone k (PLN·kWh−1);



	
Epik is the amount of energy taken from the grid, in the time zone k (kWh);



	
r is the number of time zones.








Based on the analysis of 1.870 electricity invoices for individual pumping stations, certain common energy billing costs were identified. These costs are divided into three groups:




	
fixed costs, independent of the amount of energy consumed and contracted capacity;



	
variable costs, depending on the amount of active energy consumed;



	
fixed costs, depending on the amount of contracted capacity.








Based on this information, it was possible to simplify Formula 4 to the following form (Equation (5)):


   O  p o i  (  M O D  )    = A + B ·  E  p i k   + C ·  P i   



(5)




where:




	
Opoi(MOD) is the payment for electricity and distribution services (PLN);



	
A is the fixed costs independent of the amount of energy consumed and contracted capacity (PLN);



	
Epik is the amount of energy taken from the grid, in the time zone k (kWh);



	
B is the variable costs, depending on the amount of active energy consumed, (PLN·kWh−1);



	
C is the fixed costs, depending on the amount of contracted capacity (PLN·kW−1).








The proposed modification, Equation (5), does not take into account the costs of reactive energy and other expenses related to specific situations, e.g., exceeding the contracted capacity. The author has adopted the principle that in optimized pumping systems, these costs do not occur or are of little value in relation to the total.




3.4. Energy Charges at Different Zone Tariffs—Profitability Ratios (PR)


One of the most important criteria for assessing the efficiency of water management in pumping stations is the unit cost of electricity [11]. The average tariff price of energy may be regarded as one of the measures for assessing the recipient’s electricity economy, in particular, if that recipient is an industrial plant. Therefore, the natural process is to minimize these costs (Equation (6)):


  E =  C A    where   C , E → min  



(6)




where:




	
E is the average unit price (expenditure) for consumed active energy (PLN·kWh−1);



	
C is the cost of active energy (PLN);



	
A is the amount of active energy consumed (kWh).








These goals can be achieved by:




	
changing the tariff and minimizing the average rate of charges for the consumed active energy;



	
optimizing the contracted capacity (Pi).








The average unit price (P) for the collected active energy (A) depends on the distribution of energy consumption in different time zones during the day. Therefore, in order to compare the profitability of changing the tariff from single-zone to multi-zone and vice versa, the profitability index was determined. It is expressed in relative units, i.e., in relation to the 24 h active energy rate (STc) and can be calculated using Equations (7)–(9):




	
One-zone tariff (24 h):










  P  R I  =  P  S  T C    = 1  



(7)








	
Two-zone tariff:










  P  R  I I   = E  I  I I   +  α  p e a k   ·  (  E  I I  − E  I  I I    )   



(8)








	
Multi-zone tariff:










  P  R  I I I   = E  I  I I I   +  α  p e a k   ·  (  E  I I  − E  I  I I I    )  +  α  o f f − p e a k   ·  (  E  I  I I   − E  I  I I I    )   



(9)




where:




	
PRI,II,III is the relative value of the profitability ratio index in tariffs (-);



	
P is the average price for active energy (PLN·kWh−1);



	
STc is the energy rate at a 24 h tariff zone taking into account additional charges related to the energy consumed, i.e., network and industry charges (PLN·kWh−1);



	
STI is the energy rate at tariff zone I, taking into account additional charges related to the energy consumed, i.e., network and industry charges (PLN·kWh−1);



	
STII is the energy rate at tariff zone II, taking into account additional charges related to the energy consumed, i.e., network and industry charges (PLN·kWh−1);



	
STIII is the energy rate at tariff zone III, taking into account additional charges related to the energy consumed, i.e., network and industry charges (PLN·kWh−1);



	
EII is the amount of peak energy (at tariff zone I) in relation to the 24 h rate (STI/STc) (-);



	
EIII is the amount of off-peak energy ratio in relation to the 24 h rate (STII/STc) (-);



	
EIIII is the amount of energy expressed as an indicator of the energy in the remaining hours in relation to the daily rate (STIII/STc) (-);



	
αpeak is the share of energy consumed in the peak zone (-);



	
αoffpeak is the share of energy consumed in the off-peak zone (-).








By knowing the operating times and energy consumption of the drainage pumps, it was possible to determine when a tariff change was more beneficial. The profitability of a given multi-zone tariff in relation to the 24 h tariff is determined by the values of the PRII and PRIII profitability ratios. The lower, the better. In practice, this means that a new tariff is financially more favourable than the current one. For the analyzed drainage pumping stations, only tariffs from groups B and C and from two distribution system operators (DSO), ENEA and ENERGA, were taken into account. The presented profitability ratios (PR) make sense only when the fixed costs in a given tariff are at a similar level. Therefore, their application is usually limited to tariffs from the same group.





4. Results


Profitability from Changing Energy Tariffs


Based on the analysis of electricity consumption from the bills of a four-year research period, the profitability and validity of using a multi-part tariff were determined. The results of these analyses are presented in the form of a PR (Figure 5). As demonstrated, the change of the single-zone tariff did not bring satisfactory results everywhere. This was the case, for example, at the Wonieść and Antonina pumping stations. The common feature of both facilities is that they cooperate with large reservoirs. As indicated by the operation time of these facilities, these pumps operate for most of the day. A change to a different tariff would, therefore, be unjustified here. Further analysis revealed a significant impact on the contracted capacity and sense of applying a new tariff. In large facilities, such as Wola Podłężna, where six pump units with a total power of 670 kW (2 × 105 kW + 4 × 125 kW) are operating, the contracted capacity is 200 kW. This means that only one pump can work at a time. This is because this pumping station and all the others in the Konin region are typical polder pumping stations. The operation of such facilities is relatively rare, mainly in periods of high water levels and in the event of excessive depression, preventing the free outflow of water from the polder. Ordering the capacity for all pump sets would be pointless as it would involve huge fixed fees. In Figure 6, the profitability of changing tariffs in relation to the ratio of the amount of electricity consumed to the contracted capacity was shown. The research shows that the most advantageous transition is from tariff C21 to B23. For example, using TOU at a pumping station with a contracted capacity of 100 kW is justified after consuming 700 kWh energy. If tariff B21 is changed to B22 or B21 to B23, the profitability threshold (at 100 kW contracted capacity) is exceeded after 1070 and 1290 kWh are consumed. Changing tariff C21 to C22a was the least profitable, or rather, the riskiest. With the ordered capacity equal to 100 kW, the new tariff becomes profitable only after exceeding 3400 kWh per month, which is not possible in the case of many facilities. When using tariffs with a connection capacity of at least 40 kW, the operating time in relation to the ordered capacity is also related and decreases with the increase of time worked. Referring to the obtained results, it should be noted that although all pumping stations are drainage pumping stations, each of the facilities has a different specificity of operation. As already mentioned, the pumping stations operating in the Konin district are mainly levee pumping stations operating along the Warta River. All analyzed facilities from this region operate under TOU tariffs. Therefore, it was difficult to achieve greater quantitative savings in this region. On average, a 3% of cost reduction was achieved at these facilities (Figure 7). The research shows that the greatest financial effects would be achieved here by changing tariff C22a to B22. According to Nowicki and Bate [53], if it is possible to choose a tariff from two other groups, it is worth using this higher tariff group. The pumping stations of the Poznań and Leszno districts are mainly smaller pumping stations located on watercourses and drainage canals. In the case of Poznań, many of these pumping stations are obsolete and require modernization. On the other hand, the pumping stations in the Leszno district are modernized and have new facilities. Some of these pumping stations, like Wonieść, function as reservoir pumping stations. The work of these pumping stations operates similarly to water distribution systems based on the work of the retention tanks. Pumps at such facilities operate in accordance with a specific pumping schedule. As a result, in most cases, changing the existing tariff does not make sense. Savings here were the lowest and amounted to only 1%. The biggest savings were made in Piła (19%). Unfortunately, this concerned only two drainage pumping stations.



On average, 5% savings were achieved for all analyzed pumping stations (Figure 7). This is a significant amount considering the fact that these effects were obtained for free by changing the contract with the energy operator. In the analyzed four-year period, it was estimated that these savings could amount to almost PLN 0.5 million (EUR~110,000), and by 2021 these savings could even amount to PLN 1.7 million (EUR~374,000), as shown in Table 3.



As a result, it would be possible to finance the modernization of one of the pumping stations. The savings from the change of tariffs were presented against the background of the administrative division, updating the obtained values from 2021 (11 years), assuming, according to methodology, the value of the capitalization rate and the annual increase in energy prices was 2% [34].





5. Discussion


Operational costs are related to the energy consumption of the pumping stations, which are mainly determined by the power consumed by the pumps. To minimize the electricity cost of the pump station, electricity consumption needs to shift from peak time to off-peak or standard time as far as possible. Comprehensive scientific research about optimizing pumping operations has been published since the 1970s [54]. Moreover, the study [55] revealed that pump operation optimization is one of the two major areas of optimization research. However, existing studies are mainly related to WDSs’ (water distribution systems) energy efficiency improvements. Approximately 2–3% of the world’s electrical energy is used for water supply and sanitation purposes, and 1–18% of the electrical energy in urban areas is used to treat and transport water and wastewater [56]. According to [57], the intensive cost of establishing a new pumping station and the ever-increasing cost of energy has caused us to pay more attention to the optimal design and operation of drainage pumping stations. This shows that the savings in irrigation may be significant.



In the case of WDSs, suitable pump scheduling is more predictable and manageable due to constant water distribution. Further, WDSs are critical infrastructure for modern cities; therefore, minimizing pumping energy costs is crucial for all customers. There are many studies about optimizing pumps based on deterministic approaches, such as dynamic programming (DP) [58], linear programming (LP) [59,60], non-linear programming (NLP) [61], and mixed-integer non-linear programming (MINLP) [62]. Recently, meta-heuristic algorithms, such as genetic algorithms [63], simulated annealing [64], and particle swarm optimization [65], have been used for finding open-loop schedules for pump operations. However, these studies are based on a constant work pattern that did not consider real-time pump operations and should not be used for future decision-making. As indicated by [66], an alternative to these solutions can be model predictive control (MPC). This is another way to solve the operational problem of water management, but it needs measurements of the current system state to make informed decisions in real-time. In the case of drainage pumping stations, the problems are more complex. The drainage pumping system comprises not only the pump units but the entire catchment area. Such a system is largely inertial and requires obtaining much information from the outside (about rainfall, temperature, water level, etc.). Provided in advance, inflows make it possible to maintain a constant water damming height at the pumping station, positively influencing the operation of the pumps [47]. The study shows that using MPC to control the Dutch water system can result in a cost reduction of EUR 200,000 per year. However, this system is strictly dependent on the tides.



Due to the lack of sufficient data and their quality for predictive modeling, this paper was limited to the analysis of generally available information, mainly focusing on energy bills. In this study, a simple model of comparing the profitability of using multi-zone tariffs in relation to single-zone tariffs was performed. Moreover, a simplified model of calculating the price for the consumed energy has been presented. It turns out that the choice of a given tariff is determined not only by the amount of energy consumed but also by contracted capacity. This value, in turn, determines the profitability of the selected tariff, making it dependent on the amount of energy consumed. [67] also mentions the problems of calculating energy costs, demonstrating that electricity price in Poland has more than ten components. Understandably, most users are not able to assess the real cost of electricity by reading their bills. Only some know that they can change just one of the components (that is about 35% of the final price), and the others are mostly tax, independent of their use. [13] further confirmed that the TOU tariff is one of the key strategies of load shifting (LS). In this way, they reduced the energy costs of pumping by as much as 60%. The study by [68] concludes that even small shifts in peak demand would have a large effect on savings to consumers and avoid costs for additional peak capacity: a 1% shift in peak power demand would result in savings of 3.9%. [69] endeavour to minimize the pumping energy costs to ensure that the water level in an elevated tank rests at its minimum and maximum values at the end of the peak and off-peak tariff periods, respectively (this is also called the level-triggered method). However, for some drainage pumping stations that operate on canals, this water management system would not be possible due to the lack of a reservoir. Another example of the results of changing tariff rates is the study conducted by [70], which shows that a selection of the C12a rate group at a sewage treatment plant is economically justified due to the pumps working for about 25% of the time at peak hours. In this case, it was possible to decrease the annual cost of energy by 12%. The observations of [71] show that while TOU tariffs can provide users with an opportunity to cut costs by shifting their consumption to hours with lower rates, they can also be unfavourable for the environment. Such shifts may increase carbon emissions for regions that use coal-fired generation to meet the baseload electricity demand. This is because coal-fired generation plants normally have a greater carbon footprint per kWh of electricity produced than gas-fired generation plants. In this context, shifting electricity usage from on-peak hours to off-peak or mid-peak can reduce the total electricity cost of manufacturing enterprises with a trade-off of an increased carbon footprint.




6. Conclusions


This article shows how important it is to choose the right tariff when optimizing your pumping process. The research shows that even in the absence of proper monitoring of the pumps’ operation (mostly paper logs) and mainly based on data from bills, it was possible to achieve savings. It is worth adding that this money invested in the monitoring system (level water loggers and meteorological weather stations) will bring further measurable savings. Using accurate data, the operation of pumps can be anticipated and planned. It should be noted that drainage pumping stations have been gradually modernized since 2010. One of the main effects of these activities is the replacement of old pumps with new ones, mainly submersible. As a result, the new pump units achieve the same hydraulic parameters as the old ones, with a much lower demand for engine power. Therefore, reducing contracted capacity by the value of the difference between new and “old” pumps may bring additional measurable benefits. To summarize, when analyzing the choice of tariffs for drainage pumping stations, attention should be paid to:




	
the amount of energy used in the process of pumping water and the amount of energy used for purposes related to the general operation of the pumping station (lighting, heating, etc.);



	
the power of the largest pump unit, which affects the level of contracted capacity and, thus, increases costs;



	
the conditions of water inflow to the pumping station, specifying the number and frequency of starts (the larger the inlet tank, the greater the possibility of adjusting the pump operation to off-peak hours).
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Figure 1. Energy consumption for different applications of electric motors. 
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Figure 2. Drainage pumping stations in Greater Poland Voivodeship, administered by WZMiUW (currently by RZGW). 
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Figure 3. Electricity prices in analyzed tariff plans (1PLN~ 0.22€). B23* and B23** indicate the tariff plan for spring and fall - winter. 
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Figure 4. Annual precipitation in the analyzed years 2010–2013, according to specific districts of WZMiUW. 
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Figure 5. Profitability ratios (PR) of exemplary drainage pumping stations. 
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Figure 6. Breakeven of energy tariff change depending on the level of contracted capacity (Pi (kW)) and monthly energy consumption (A (kWh)). 
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Figure 7. Average yearly cost of pump energy consumption (in PLN~0.22 €) before and after tariff change, achieved during the four-year research period. 
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Table 1. Composition of tariff groups according to Tariff Regulation Article 6, Act 1.
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Tariff Symbol X1,X2,X3,X4






	
X1

	
B

	
Consumer of energy from the medium voltage grid




	
C

	
Consumer of energy from the low voltage grid




	
X2

	
1

	
Contracted capacity ≤ 40 kW




	
2

	
Contracted capacity > 40 kW




	
X3

	
1

	
One time zone (24 h)




	
2

	
Two time zones (off-peak, on-peak)




	
3

	
Three time zones (off-peak, mid-peak, on-peak)




	
X4

	
a

	
Division of the day into peak and off-peak




	
b

	
Division of the day into a day and night
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Table 2. Details of the analyzed drainage pumping stations according to WZMiUW.
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	Districts of WZMiUW
	Pumping Stations
	Q∑ (m3/s)
	Fp∑ (ha)
	P∑ (kW)





	KONIN
	11
	35.2
	42,609
	2477



	POZNAŃ
	12
	12.4
	7544
	836



	LESZNO
	12
	13.0
	7477
	753



	PIŁA
	4
	5.5
	2231
	484



	OSTRÓW WLKP
	1
	1.6
	264
	82
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Table 3. Savings (in PLN~0.22 €) resulting from changes in tariffs on the analyzed facilities according to the previous administrative division of WZMiUW (the forecast years are marked in italics).
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	Districts of WZMiUW
	2010–2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020
	2021
	Total





	Poznań
	156,251
	40,781
	42,576
	44,449
	46,405
	48,447
	50,578
	52,804
	55,127
	537,418



	Konin
	134,341
	35,063
	36,606
	38,216
	39,898
	41,653
	43,486
	45,399
	47,397
	462,059



	Leszno
	161,576
	42,171
	44,027
	45,964
	47,986
	50,098
	52,302
	54,603
	57,006
	555,733



	Piła
	42,408
	11,068
	11,555
	12,064
	12,595
	13,149
	13,727
	14,331
	14,962
	145,859



	TOTAL:
	494,575
	129,084
	134,764
	140,693
	146,884
	153,347
	160,094
	167,138
	174,492
	1,701,070
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