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Abstract

:

The goal of this paper was to evaluate heat loss and the demand of district heating (DH) in the context of the fourth generation DH concept using a data-driven approach. The heat loss profile was calculated with GIS Zulu© (software (8.0.0.7539, Politerm, LLC, St.Petersburg, Russia) using eight various states of insulation, detailed information on thermal conductivity, internal heat transfer coefficient, and geometry of the concrete trench. There is a strong correlation between the heat sold and the average annual outdoor temperatures. The outstanding episodes are extremely rare, and the difference in the overall pattern is elusive. The results of the annual heat production and annual heat loss analyses were compared using three different estimation methods. The new method was the only one that showed a positive effect after the complete modernization of thermal insulation. The actual proportion of heat loss is much higher at 16%, while the actual heat delivery is less than anticipated at 85–86% only. The trend of the normative approach is correct but cannot determine changes in network heat loss due to aging. The method focuses on the effects of the state of insulation and actual supply temperature levels. The transition to smart energy systems includes strategic and progressive energy planning, as well as new pricing rules and tariffs. Thus, the method presented is the first step in the transition towards the fourth generation DH networks.
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1. Introduction


1.1. Prior Research


In existing district heating (DH) networks, heat loss can be reduced by lowering operating temperatures, that is, supply and return temperatures. If they are low enough (supply temperature of 60 °C and below), the DH becomes the so-called low-temperature DH, which is part of the fourth generation DH concept. Lund’s et al. view on the role of smart energy systems and fourth generation district heating is presented in [1], its status is discussed by Lund et al. in Ref. [2]. Wirtz et al. [3] discern even the fifth generation of DH following the fourth one. The creation of a group substation for connecting low-temperature DH subnetworks to an urban high-temperature network was described as a part of the energy and environmental modeling [4] and within Volkova’s methodology for evaluating the transition process dynamics towards fourth generation DH networks [5]. The changes in the cross-section geometry of the thermal insulation of the DH network from circular to egg-shaped are under research in Ref. [6]. In addition, it is expected that real-time minimization of the DH operational characteristics will help to reduce heat loss and required pump power. The real-time minimization can be classified in the following categories: (1) associated with demand side measures (DSM, e.g., made by Tunzi et al. [7]), (2) applicable for both district heating and cooling networks (e.g., [8]), or simplified for the supply temperature at a DH plant only [9]. The research topic is also of great importance for cold regions. This study provides a good opportunity for a deeper analysis of heat loss in DH. Heat loss as one of the main criteria for network design or as an evaluation factor was discussed to design pipes for low-energy DH [10] as the evaluation factor with respect to network geometry [11] and to reveal the cost of heat ultra–low-temperature DH networks with booster heat pumps [12], but, to the best of our knowledge, all the methods presented are not applicable for a long-term assessment of an entire DH network. Turski et al. [13], Hammer et al. [14], Chicherin [15], and Noussan et al. [16] presented similar papers analyzing heat loss, curves, and demand fluctuations.




1.2. Background


This study is focused on low-temperature DH, which can achieve high efficiency when operating at low temperatures. Conversion to low temperature is becoming essential for technology to continue playing its part in the future. A closer look at the wasteful use of heat in DH networks highlights the importance of low-temperature networks, as well as heat loss reduction, bringing us to the fourth generation DH systems. However, in Russia, DH systems have historically consisted of large industrial facilities owned by the state. In Russia, the so-called second generation (1930–1980) DH (2GDH) systems were used, where heat was generated by centralized plants that supplied highly pressurized hot water (over 100 °C) through pipes laid in concrete ducts. Thermal energy produced at a DH plant located outside the city is traditionally transported via a branched network (150 °C in the supply line, and 70 °C in return) to a group substation and then finally to the consumer with 95/70 °C hot water and 60 °C domestic hot water (DHW).



The main goal for the 2GDH was to achieve fuel savings and greater comfort with combined heat-and-power (CHP) [17]. In cases where government policies and planning initiatives were introduced, many benefits were gained, although there were also some barriers. State policy provided even single-family houses with low linear heat density and long heat distribution lines with an opportunity to connect to the DH network; however, the implementation of such a connection would come across additional barriers, such as significant heat loss and poor quality service. In Russia, heat demand density may be as low as 0.5 MW/km2 if areas with poor single-family houses are taken into account [18]. However, during the Soviet era, even these areas were connected to the DH network. The situation is exacerbated by insulation theft in areas where pipes are publicly accessible, and hydraulic balancing issues.



The abovementioned factors contributed to the fact that, in Russia, heat is currently supplied by 2GDH systems. Due to aging, the systems are currently expected to operate at a limited supply temperature of 110–115 °C, which is acceptable unless peak load conditions arise.



There are various obstacles hindering the transition of the existing DH towards the fourth generation, including barriers to low heat loss in networks, barriers to the use of renewable (non-fuel) energy, and barriers to smart metering [5]. Market-related barriers and lack of data privacy also hamper the transition towards low-temperature smart DH networks. Finally, in the current economic and legal environment, potential developers and/or existing consumers have no reason to be interested in implementing advanced technology in underdeveloped areas. The specific legal situation is that there are no government-supported approaches to planning the development of heat supply facilities and no requirements for a comprehensive analysis of all available options in order to choose the type and capacity of the DH system, which leads to a gas heat-only boiler plant as a preferred option. In this case, existing economic and other related issues, such as outdated infrastructure, utility bill arrears, unclear efficiency and reliability indicators, unresolved zoning by type of heat supply, justification of the optimal dimension of the DH system (i.e., heat supply radius), and concentration of heat source capacities must be solved as well. To sum up, it is evident that there is a long way to go until DH systems can fully transition into the 4GDH. Thus, it is difficult to implement in developing countries such as Russia. This paper addresses the challenge.



The model presented in the paper is useful for countries that have similar average conditions to those of DH systems in Eastern and/or Central Europe. The normative approach can also be used for similar types of the 2GDH system (in terms of network heat loss, temperature differences at substations, heat loss from hot water tanks, back pressure turbines at CHP plants, boiler efficiency, etc.), for example, in Serbia [19]. Moreover, in such countries, there are no schemes that provide an economic incentive for consumers to invest in improving the space heating (SH) control system, as they are charged a fixed tariff for heat consumption. Although no particular experience can be directly extrapolated, this paper can still provide useful methodology and recommendations for other developing countries.




1.3. Features Related to the 2GDH in Scientific Literature


At least two publications addressed the issues of wear and tear of high-temperature systems—Čulig-Tokić et al.’s research describing Croatia [20] and Zhang et al.’s research describing China [21]. The impact of climate change and construction (excluding network renovation) on the annual heat demand and linear heat density (heat demand per meter of network trench length) was described in [22,23]. The ownership of the various components of the DH system is of great importance when it comes to losses and repairs, because the ownership pays for them. On the one hand, in Russian practice, regardless of which technical solution is chosen, DH network pipelines belong to the city’s DH network operator, while the CHP or heating plant typically belongs to another business owner. Heat delivery is usually controlled by the same DH network operator or even by a third party, which creates an obstacle to successful investment. On the other hand, this could have been different if the entire DH system had been renovated. For example, in Europe, DH service companies tend to own large heat generation facilities that can profit from the production of heat and power. This is the case in major cities in Estonia.



Several researchers [24,25,26] have focused on active monitoring to facilitate the operation of conventional DH systems and to manipulate heat load and delivery. Heat delivery is highly dependent on interruption [27,28]. For this purpose, concrete anchors should be used instead of steel ones to increase the rigidity of a DH network [29].




1.4. Local Specificities


Since DH substations in heated buildings built during the Soviet era rarely include heat meters, the tariff for the end-user consists of both the cost of thermal energy loss and the amount of heat consumed. Residents of multi-story buildings also pay building maintenance bills, which include heat loss in the final sections of the DH network. Moreover, in accordance with Russian law, legal entities pay for these losses directly, regardless of whether they have heat meters or not, unlike the residential sector. To sum up, all consumers are forced to pay for distribution losses. This is also true for China, where the two main tasks nowadays are creating a heat metering and billing mechanism based on actual consumption and improving building energy efficiency, as Zhang et al. highlight [21]. This has prevented researchers from analyzing actual heat loss, as this process continues throughout the country. Historically, in Russia (the USSR) or China, heat loss was never considered. This was because before only CHP generation was valued, regardless of heat supply methods. Only temperature and flow rate data at the plant outlets were collected, which were then used to estimate heat loss.



Therefore, the normative approach is used for the entire DH system in Russia and, in particular, in Omsk. This means that heat loss values are precompiled using the area’s climate data and then adjusted for the actual supply temperature range of 70–110 °C, although the 150/70 control curve is still declared. The same with the work of Von Rhein et al. [30], based on the calculated temperature of the simulation, the amount of heat introduced into the network is linearly interpolated from the lookup table. For this purpose, the traditional input data includes average variables, such as the overall heat transfer coefficient of the network, pipe dimensions and length, as well as supply, return, and outdoor temperatures. Volkova et al. [31] also use this evaluation method.



This evaluation method and the natural monopoly of DH networks usually results in end-user being locked in the agreement with the heat supplier without being able to appeal for tariff changes, as is the case in liberalized electricity and gas markets. This is typical of countries such as Estonia, Croatia, Poland, China, and Russia where the heating market never existed.



Due to distribution inefficiency, heating rates may increase over several years. Rising heating costs can lead to dissatisfaction and potential disconnection from the distribution system, raising the question of its feasibility [32]. Moreover, low transparency of heat prices can jeopardize consumer confidence and trust in the DH technology itself, as is the case in Eastern Europe and the Commonwealth of Independent States (CIS). Therefore, although standard demand profiles are still used even in Europe [25], in 2020, heat loss evaluation could be advanced with a more detailed consumption pattern analysis based on real measurements using a data-driven approach as described below.




1.5. Aim


The goal of this paper was to evaluate two aspects of DH in the context of the fourth generation DH concept using a data-driven approach based on the actual demand for useful energy and methods of calculating heat loss, including observational error, specifics of local enterprises, and international experience. Taking a closer look at the wasteful use of heat in DH networks is the first step towards 4GDH systems. The transformation also requires improvements to be made in the operation of DH networks, as well as an overall increase in efficiency. Heat and water loss (leaks), accident costs, excessive consumption of fossil fuel, increasing heat supply tariffs and greenhouse gas (GHG) emissions inevitably limit the efficiency of the DH system. Therefore, the main idea is that the key to discovering the future of DH is sustainable energy production and distribution in particular.





2. Materials and Methods


The current so-called normative method is traditional, since it is manually applicable and does not require a model of the DH system. The hourly heat loss under the annual average operating conditions of the heat network and in accordance with heat loss standards is determined separately for underground and above-ground piping, according to the following formulas.



- For underground installation with the supply and return pipelines combined:


    Q    a v . a   =  ∑  (   q    ⋅ L ⋅ β )   ;  



(1)







- For above-ground installation, separately for the supply and return lines:


    Q  s  a v . a   =  ∑  (   q  s  ⋅ L ⋅ β )   ,  



(2)






    Q  r  a v . a   =  ∑  (   q  r  ⋅ L ⋅ β )   ,  



(3)




where q, qs, and qr are the specific (per meter of length) hourly heat loss values determined by the heat loss codes for each pipe dimension under the annual average operating conditions of the heating network; L—length of the pipe of each dimension in the DH network, in a two-pipe calculation for underground installation and for the supply (return) line for above-ground installation, m; β—local heat loss factor, which takes into account the heat loss created by fittings, compensators, and supports. The local heat loss factor β is 1.2 for a pipe in a concrete trench and above-ground installation, for pipes up to 150 mm in dimension; and β is 1.15 for pipes of 150 mm or more, as well as for all pipe dimensions installed underground [33].



The values of a specific hourly heat loss are determined according to Russian policy [33] on the heat loss in DH networks in accordance with tables such as Table 1.



Although there are methods used to calculate thermal resistance and heat loss for certain lengths of DH networks, e.g., Wang’s et al. research [34], they are not applicable for a long-term assessment of an entire DH network. We suggest using a method that can take into account various factors (weather, supply temperature, state of insulation and its moisture content, etc.), but is still based on the overall heat loss assessment technique defined as the ratio of heat flux to thermal resistance. According to the base textbook on heat transfer (e.g., Incropera [35]), it should look as follows:


   q  l o s s   = U  A o  ( τ −  T  s o i l   ) ,  



(4)






  U =  1 R  ,  



(5)






   A o  =  d o  Δ x .  



(6)







The calculation begins from determining the thermal resistance of the network.


  R =  R  c o n v . i   +  R 1  +  R 2  +  R 3  +  R  s o i l   ,  



(7)




where


    R  c o n v . i   =  1   A i   h i      ,    A i  =  d i  Δ x   ,    R 1  =   ln    r 2     r i      2 π  k 1  Δ x     ,    R 2  =   ln    r 3     r 2      2 π  k 2  Δ x     ,    R 3  =   ln    r o     r 3      2 π  k 3  Δ x     ,    R  s o i l   =  1  S  k  s o i l     ,      S = 2 A cos     2 Z    d o      .   











Δx is the unit of pipe length (1 m), τ is the daily average supply/return temperature; r1 is the inner radius of the pipe, r2 is the radius of the insulation layer, r3 is the radius of the casing, and r4 is the external radius of the pipe; k1, k2, and k3 are the thermal conductivities of steel, insulation, casing, and soil, W/m·K, ksoil is the thermal conductivity of the soil around the pipe, W/m·K, Z is the depth in which pipeline is buried, m, hi is the internal heat transfer coefficient; referring to Incropera’s handbook [35], this means


   h i  =    k 1     d i    ⋅ 0.023   Re   0.8     Pr   0.3   .  



(8)







In traditional equations (e.g., those presented by Wang et al. [34]), a power factor of 0.4 at the Prandtl number corresponds to the medium that is heated. In DH, the medium is cooled due to heat lost to the environment in which case the power factor at Pr must be 0.3.



By substituting formulas for Rconv,i, R1,P R2, R3, and Rsoil into Equation (7) and indicating the total thermal resistance to the outer surface of pipe casing with Equation (5), UAo, which is the overall heat transfer coefficient relative to the outer surface of pipe casing, is determined.



Arabkoohsar and Alsagri [36] provide equations valid for the entire range of flow velocity in typical DH systems, 0.05–2 m/s, a wide temperature range (20–120 °C) for any of the lines and for any pipe dimensions with temperatures, dimensions, and numerical factors only.



Relative heat production,    P ¯   , is expressed as follows:


   P ¯  =    P c     P d    ,  



(9)




where Pc is current heat load, MW; Pd is design heat load, MW.



Then, the correlation C between the mean behavior of any reference group and its target can be determined using standard formulas.



They are compared against the adequacy criterion of 0, −1, and 1. When C is approaching ±1, this indicates that the processed parameters, such as the mean or standard deviation of the target set (average annual outdoor temperature) and/or most members of its reference group (heat sold from the heating plant), changed equally. Similarly, when C is approaching 0, this indicates that the target and its reference group do not behave similarly over time [37].



The heat loss profile was calculated with the geographic information system (GIS) Zulu© 7.0 software [38] using a set of 15 layers, 8 various states of insulation, as well as detailed information on thermal conductivity, internal heat transfer coefficient, and geometry of the concrete trench, all determined and input in accordance with the National Building Code.



ZuluThermo© (8.0.0.7539, Politerm, LLC, St. Petersburg, Russia) is a simulation program built into the GIS Zulu© for DH networks, with an option to also simulate water, cooling, and gas networks. Figure 1 provides insight into the number of heat generation facilities, consumers, and the length of the distribution network.



Areas with a maximum heat loss (usually due to insulation theft if above-ground and next to a DH plant or due to being underwater in segments that were flooded due to infrastructure failures) are marked in red. Blue indicates areas with low heat loss values or within an acceptable deviation range. The first number is the DH plant’s design electrical power (if any), the second is its heat production. The software can calculate both values by sequentially entering the actual supply, return, and outdoor temperatures for each day, and determine steady-state flow relationships in any number of meshed utility networks for Newtonian fluids in filled pipes. ZuluThermo© also offers a user-friendly interface that may come in handy for taking wear rates into account and interacting with external software. Meanwhile, Teleszewski et al. [39] developed another kind of model in which the DHW pipes have been added to the common with the supply and return pipes round thermal insulation, and to determine heat losses, a simplified two-dimensional model of conductive heat transfer was created.



Omsk, Russia, where the initial DH network temperature requirements of 150/70 °C are not met, was taken as the case study for the purpose of this research. The design outdoor temperature is extreme at −37 °C. The design conditions in Russia are based on the indoor design temperature of 20 °C, while the design outdoor temperature varies greatly according to SP 131.13330.2012 “Building Climatology” [40], an updated version of the Soviet heat and energy code SNIP II-A.6-72 “Construction, climatology and geophysics” that was approved in 1972. The conditions are much more severe than those provided by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Standard and the ASHRAE Climatic Design Conditions [41]. For instance, in the section of Annual Heating and Humidification Design Conditions, the ASHRAE Climatic Design Conditions [41] provides dry-bulb temperature corresponding to 99.0% annual cumulative frequency of occurrence (cold conditions) accounting for −29.9 °C. According to the design conditions in Denmark described by Østergaard and Svendsen [42], the outdoor design temperature there is only −12 °C, which leads to significantly more moderate operating conditions. Omsk’s DH network is an old and extra worn-out network with 2nd generation technology, which includes large losses and a higher proportion of fossil fuels: coal, natural gas, and heavy oil. Despite this, 76.33 °C and 45.94 °C of the weighted average supply and return temperatures [15] are close to those (73.71 °C and 40.52 °C) in Danish systems [43]. Relatively low average values, firstly, are due to the fact that the 150/70 °C control curve is only claimed but never actually met, as the 115/70 °C control curve is much closer to real life. Secondly, −37 °C is just the design outdoor temperature, all recent winters were much warmer with an average temperature of −20 to −15 °C. This may suggest that the current design outdoor temperature is incorrect; this idea is supported below. All recorded outdoor, supply, and return temperatures are detailed and thoroughly examined in Chicherin’s research [15]. Retrofitting of the distribution system that started in 2016 should make it possible to operate the system at high temperatures, as was originally designed [44].



The data on network operation was obtained from the literature sources available and from the database of the Omsk DH company (e.g., [45]), including supply and return temperatures, which were previously described in Chicherin’s research [15]. It also shows the variation in the amount of (a) heat sold from the heating plant (heat produced) and (b) heat supplied to consumers; projected, or so-called normative heat loss, and actual heat loss calculated as the difference between (a) and (b) during 2007–2017. Each time period was supplemented with dry-bulb outdoor temperatures. Reference weather data (.epw weather files) from the local meteorological center were used. The file consisted of daily values of 25 weather parameters, including average daily external and wet-bulb temperatures, humidity, solar radiation levels, as well as wind speed and direction. Five variables (average daily temperatures, max/min temperatures, wind speed, and soil temperature) were taken into account. Average monthly and annual outdoor temperatures were determined using average daily measurements, accurate to within 0.1 °C. The estimated annual average outdoor temperature dataset is fairly representative, because, according to results obtained by Turski et al. [13], the global trend of daily outdoor temperatures during 1953–2016 also indicates increasing average outdoor temperature.



Actual numbers represent the difference between heat produced and heat consumed for each month and are indicated by the black bar below. Monthly values were obtained for the former as the sum of daily energy production values (in MWh) of the five largest DH plants (see Figure 1), and for the latter as the sum of heat billed to consumers per day. The heat produced was calculated by multiplying the difference between network supply and return temperatures by the supply water flow rate measured at DH plant outlets. NR Series sheathed resistance thermometers were used as temperature sensors. They are sealed and filled with an inorganic powder insulator (high purity magnesium oxide) inside a metal protective tube (sheath) with a platinum resistance element. They were standardized classes in, for example, DIN 43760:1980-10 [46] that was withdrawn in 1987 and not defined by the later IEC 60751 standard [47] or its German counterpart DIN EN 60751. The tolerance of these sensors corresponds with a class B accuracy, but the fixed portion of the error (e.g., 0.3 °C) is divided by a given number (3 or 10). The accuracy (tolerance) values of these particular sensors are ±0.1 °C + 0.5%.



Ultrasonic devices were installed at plant outlets to measure the flow rate. The accuracy of a flow meter can be specified in two ways: as a percentage of full scale (FS) or as a percentage of reading (RD, also referred to as percentage of rate). Flow meters with accuracy expressed in FS with a fixed error band across the flow range of the meter are installed. For example, the flow meter installed at the CHP plant (CHPP) No. 5 has a 1% FS accuracy with a range of 10 gallon per minute (GPM)–100 GPM and an error band ±1% of 100 GPM, which is equal to ±1 GPM. Since the accuracy of the flow meter is ±1 GPM throughout the flow range, this type of meter is most accurate at full scale, 100 GPM, and becomes less accurate as the flow decreases. When the meter is at a measuring flow of 50 GPM or 50% FS, the actual flow will be within ±1 GPM, or anywhere from 49 GPM–51 GPM. At the bottom end of the flow range, or 10 GPM, the accuracy is ±10%, 1/10 = 10%.




3. Results and Discussion


The correlation between the amount of heat sold from a heating plant and average annual outdoor temperatures is shown in Figure 2.



Like a substation [48], the entire network can be characterized by its heat demand (which is a time series that can be predicted to satisfactory accuracy based on weather forecasts and time patterns) and its temperature characteristics. Based on the official climatic data of Omsk, and adjusting the data according to the typical meteorological year, the annual frequency of outdoor temperature was determined as ranging from 1.42 °C to 3.74 °C throughout the decade. Figure 2 shows a steep upward curve, indicating a strong warming trend, whereas the flat downward curve indicates the coincidence of a low load and less intense heat consumption. As in the Meesenburg et al.’s research [43], to calculate the relative annual heat loss, an adjustment for the assumed network temperatures for low-temperature DH and ultra-low-temperature DH was made to determine the correlation presented in this paper. The result is −0.76, which means that the strong correlation matches up well with Meesenburg et al.’s study [43].



The trend obtained as the average annual increase in outdoor temperature over 10 years is 0.149 °C/season. During 1953–2016, Turski et al. [13] reported the increase to be about 0.064 °C/season. Figure 3 depicts the variations of actual demand for useful energy in different periods of time.



The source is DH plant’s heat meter data (supply and return temperatures and flow rate). This means that all new consumers and the effects of network/building renovation measures are tracked along with other deviations. The relatively close operating states in the lower part of Figure 3 at the supply temperature of 70 °C indicate that space heating is switched off and the supply temperature is no longer affected by weather changes. In summer, when there is no need for space heating, only the DHW load exists. It can be seen that during the periods of a low load, for example, in summer, autumn, or spring, almost 3.2 times less heat is sold than in winter. Outstanding episodes are extremely rare, and the difference in the overall pattern (excluding December and January) is elusive. This proves that for 10 years practically no new consumers appeared and no network/building renovation measures were undertaken, which significantly affected the behavior of the entire network. Moreover, this proves that most of the changes that are caused by weather patterns are random. Thus, to estimate heat loss, it is sufficient to consider only a 10-year period of heat output.



For the heat delivery points located higher than others (e.g., January 2008 and 2016; May and September 2008), the average monthly outdoor temperature was much lower, which explains why the DH network requires a greater proportion of heat demand than usual. During warmer periods (January 2007; January and December 2015; May 2016), consumers required 15–25% less heat than the average in most neighborhoods. The greatest difference (up to 38%) was observed in December and January, the coldest months in Omsk. This can be explained by a wider supply temperature variation, abrupt flow changes (since the 150/70 °C control curve is not achieved), and even by the fact that during these particularly high load periods, in the event of a major failure (accident), the network’s unavailability is relatively long, compared to autumn or spring. Thus, Figure 4 is chosen to show the average cost savings for all these months for the heating plant and the distribution company.



Actual numbers (the difference between the heat produced and heat consumed) are indicated by the black bar, the numbers calculated using the new method are indicated by red characters, and blue characters for the current method. The dotted line represents a regression function indicating the global warming trend. The upper part of Figure 4 more or less shows the boundary between correct and incorrect calculations for various methods, as further detailed in Table 1. Based on the actual numbers (black bar), it can be statistically assumed that the traditional method works great at an average monthly outdoor temperature of −18 °C and higher. Particularly useful in visualizing the effect are cases of temperatures below −15 °C. Over the past 10 years, there have been no temperatures below −20 °C that lasted 5+ days, which supports the idea that the current design outdoor temperature is incorrect. There were 11 cases of average monthly outdoor temperature below −15 °C, and four cases below −20 °C over the 10 heating seasons. Such episodes occur only once every five heating seasons but contribute over to one million MWh of heat loss, which is not taken into account. The points of December 2016 and January 2017 show a positive effect after the complete modernization of the thermal insulation in the summer of 2016, although the traditional method shows no modernization-related changes. Conversely, one of the points in this network operating diagram indicates that the heat loss is nearly 0, which is an error.



The trend of the normative approach is correct: warmer weather leads to less heat loss; however, this method does not reflect changes associated with aging, and, therefore, cannot be used to determine changes in network heat loss.



This differs from using DH in Denmark [49] or Sweden [50], but, as shown in Table 2, the actual proportion of heat loss is larger than in the Scandinavian countries, reaching 16%. The reason is linear heat demand density (LHDD) as detailed in Meesenburg et al.’s research [43].



The values in the ‘Charged to consumers’ column are obtained as the sum of the amount of heat billed to the consumers and divided by the actual annual heat production (see Figure 3). In relation to the total heat demand, the actual demand for useful energy varies from 85% to 91% for instant systems and is well suited to the billing practice. Moreover, when the outdoor temperature is relatively low, such as in 2010, [14] 2011, or 2016 (excluding 2014, see Figure 2), the actual heat supply is lower and amounts to only 85–86%. This can be explained by the fact that during these high load periods, network failures are more likely. Thus, the DH network is cooled more than during a warm year, and, therefore, the proportion of heat supplied to consumers is lower. The temperature difference is also greater, which results in greater heat loss. In Beijing, China, 0.30 GJ per square meter is required to meet annual heat demand, while 0.45 GJ of heat must be produced to provide an indoor temperature of at least 18 °C in winter, as Zhang et al. describe [21].



Distribution losses range from 0% to 5%, reaching the maximum in 2016. The fundamental difference between the new and current methods is that the following aspects are taken into account: (1) the influence of insulation defects and moisture content on normal operating mode, (2) intermittent operation, and (3) ground temperature during the heating season, depending on the weather. The view is that (1) and (2) are mainly responsible for additional network heat loss according to the new methodology and add about 0–5% of the difference in network heat loss evaluation, and (3) is probably responsible for the extra 0–2% of the difference in the evaluation.



From the heat supplier’s point of view, the new method has both advantages and disadvantages. On the one hand, compared with the old method, the new one proves the need for investments in the DH infrastructure and a possible positive effect when invested.



This allows the company to preview the potential outcome and decide whether to continue or not. Since the cost of revising the planned DH network is high, it is vital to demonstrate the potential positive impact to the potential investor relative to the total project cost. The proposed model can quantitatively demonstrate this as a percentage (see Table 2) or in MWhs (see Figure 4, ‘over a million MWh’). The small time invested in this new method can help prevent larger losses in the future.



Moreover, after installing new pipes to replace or expand the existing system, the network losses can be reduced by further increasing the thickness of insulation, by optimizing/minimizing pipe dimension, and through an alternative pipe layout. On the other hand, DH companies will no longer be able to force consumers to pay for excessive distribution heat losses.



There is an unexpectedly significant increase in network losses [14] compared to the normative method (Figure 4) and confirmed by actual data. This is due to the fact that in the USSR, where this method was established, (1) DH lines characterized by wear and tear and moisture insulation were not widespread and (2) there was almost no excessive flow through certain sections of the DH network due to the hydraulic balancing issues. The latter has almost been resolved because ZuluThermo© provided a very realistic demonstration of flows through consumer substations, and excess flows were limited by controlling heat demand. However, the difference also results from (3) the flex temp operating mode (110/70 °C control curve instead of the claimed 150/70 °C), which is finally taken into account with the new method.



Culig-Tokic et al. [20] divided heat loss into specific heat loss due to water loss and specific heat loss due to heat transfer. They indicated that the latter differs from the annual average heat loss, since the supply temperature that is usually used in the calculation is from one of the coldest days. There was no such a problem in the present paper, because daily average supply and return temperatures were input.




4. Conclusions


The use of energy resources in regular urban areas was examined using actual measurements and simulation analysis. A real city with over 10,000 residential, office, and commercial buildings supplied by a worn-out high-temperature network was used as the case study. The results of the annual heat production and annual heat loss analyses were compared using three different estimation methods: (1) traditional normative method, (2) novel method, and (3) calculated as the difference between heat produced and heat consumed. The proposed method focuses on the effects of the state of insulation and actual supply temperature levels, and it has been validated by actual measurements with an error of up to 5%.



The transition to the new assessment method and smart energy systems requires innovative planning guides, support tools, policies facilitating the transformation, along with changes in the cost of energy evaluation practices. These include strategic and progressive energy planning, taking into account legislation and urban development, creating heat maps to aid in the planning process, and ideas for new pricing rules and tariffs. Thus, the new method is the first step in the transition towards the fourth generation DH networks, featuring transparent methods, heat metering, access to information, and fair prices [51].



Based on the determined temperatures, and provided that measures increasing the thermal performance level in buildings are implemented, the paper concludes with a description of the new proposed direction for the Russian national code. This includes design outdoor temperatures comparable to those in the current version of the ASHRAE Standard instead of the extremely low design outdoor temperatures that have been in effect since 1972, which lead to excessively large networks.



Several aspects of this study can be improved and expanded upon. An annual overview in the case of a DH network does not provide an accurate description of the actual DH system. Dynamics, such as heat transfer delays, may be added in the future to allow simulating the dynamic operation of the DH network and to represent the use of an advanced technology, such as thermal energy storage facilities and heat pumps integrated into the DH system. In addition, once mapping is added, the proposed approach can provide insight into and the ability to spatially determine and quantify local demands and resources to correctly assess the potential of both DH and cooling.



However, once all consumers are equipped with properly functioning heat meters capable of providing data to utilities and service companies using remote reading technology, there is no more strategic need for indirect evaluations. Despite the uncertainties and limitations of the study, it should be pointed out that in addition to the experimental validation, the results are in line with other papers on similar topics [13,14,15,16].
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Nomenclature




	
β

	
Local heat loss factor




	
d

	
Pipe dimensions (diameter), m




	
h

	
Heat transfer coefficient, W/m2·K




	
k

	
Thermal conductivity, W/m·K




	
L

	
Length, m




	
P

	
Heat load (production), MW




	
q

	
Hourly heat loss, W/m




	
Q

	
Heat loss, W




	
r

	
Radius of the pipe, m




	
R

	
Thermal resistance (R-value), m2·K/W




	
τ

	
Daily average supply/return temperature, K




	
T

	
Temperature, K




	
U

	
Overall heat transfer coefficient, W/m2·K




	
Z

	
Pipe centerline depth (below the surface), m




	
Superscripts




	
av.a

	
Average annual




	
Subscripts




	
1

	
Steel




	
2

	
Insulation layer




	
3

	
Casing and soil




	
c

	
Current




	
conv.i

	
Convective from insulation




	
d

	
Design




	
i

	
Inner




	
loss

	
Heat loss if the proposed method is applied




	
o

	
Outer




	
r

	
Return




	
s

	
Supply




	
soil

	
Soil
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Figure 1. Model of the Omsk DH system analyzed in this study. 
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Figure 2. Heat production and average annual outdoor temperatures during 2007–2017. 
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Figure 3. Unnormalized trends of the amount of thermal power produced for each month of the year. 






Figure 3. Unnormalized trends of the amount of thermal power produced for each month of the year.



[image: Energies 13 04505 g003]







[image: Energies 13 04505 g004 550] 





Figure 4. Surveyed and actual heat loss as a function of outdoor temperature. 
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Table 1. Standard heat loss rate (heat flux density) for district heating (DH) networks, W/m.
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Line Type




	
-

	
Return

	
Supply/Return

	
Supply/Return

	
Supply/Return




	
-

	
Annual Average Difference between Hot Water Temperature and Ground [°C]




	
Pipe Dimension

	
50

	
52.5

	
65

	
75






	
…

	
…

	
…

	
…

	
…




	
DN50

	
0.02908

	
0.06513

	
0.07560

	
0.08374




	
DN65

	
0.03373

	
0.07443

	
0.08606

	
0.09537




	
DN80

	
0.03605

	
0.08025

	
0.09304

	
0.10234




	
DN100

	
0.03954

	
0.08839

	
0.10234

	
0.11165




	
DN150

	
0.04885

	
0.10932

	
0.12444

	
0.13607




	
DN200

	
0.05931

	
0.13142

	
0.15119

	
0.16515




	
DN250

	
0.06978

	
0.15352

	
0.17445

	
0.18957




	
DN300

	
0.07908

	
0.17329

	
0.19538

	
0.21283




	
DN350

	
0.08839

	
0.19073

	
0.21283

	
0.23493




	
…

	
…

	
…

	
…

	
…
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Table 2. Percentage of heat used and wasted over 10 years divided by various system assessment techniques. Sorted by year for the location studied.
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	Year
	Traditional Method
	Novel Method
	Charged to Consumers





	2007
	12%
	13%
	89%



	2008
	10%
	10%
	91%



	2009
	11%
	11%
	89%



	2010
	11%
	15%
	86%



	2011
	12%
	15%
	86%



	2012
	12%
	14%
	87%



	2013
	11%
	12%
	88%



	2014
	11%
	13%
	87%



	2015
	11%
	12%
	88%



	2016
	11%
	16%
	85%



	2017
	11%
	11%
	89%
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