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Abstract

In thermal grids and district heating, thermal storage devices play an important role to manage
energy demand. Additionally, in smart polygeneration grids, thermal energy storage devices are
essential to achieve high flexibility in energy demand management at relatively low cost. In this
scenario, accurate evaluation of state of charge of storage vessels based on available measurements
is critical.

The aim of this paper is to develop and compare three different models for state of charge
estimation in stratified water tanks (discrete temperature measurements) and the related application
in an experimental polygeneration grid with a real-time management tool. The first model is based
on the empirical calculation of the state of charge considering the thermal power difference between
generation and consumption, and afterwards correction based on measured temperatures. The
second model is a mathematical approach considering a pre-defined temperature shape fitted with
experimental data. The latter model is based on a 1-D physical approach using a multi-nodal
method forced on the basis of the measured temperatures. The models were compared considering

an experimental test performed in the polygeneration laboratory by the Thermochemical Power

Group (TPG).
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As a result of the comparative analysis, the first model was selected for applications in complex
polygeneration grids, due to its good compromise between accuracy and computational effort.
Several tests were carried out to demonstrate the performance of the empirical approach selected for
the thermal storage model and the economic benefit related to the utilization of this vessel. The
experimental plant, constituted by two different prime movers (a 100 kW microturbine and a 20 kW
internal combustion engine) and a thermal storage tank, was able to demonstrate the performance of
a real-time management tool. For this reason, special attention was devoted to the variable cost
comparisons.

The novelty of this work lies in the development of the real-time management tool coupled with a
thermal storage model by considering the simplified modelling approach. This is an essential
requisite for complex polygeneration grids including hundreds or thousands of prime movers and
thermal storage devices. Additionally, it is important to state that in such cases the required real-
time performance could be difficult to obtain. The results, produced with the innovative and flexible
experimental rig, demonstrate the positive impact of thermal storage as well as the effective
management performance of this quite simple dispatching approach. Another important novel
aspect regards this experimental assessment considering both specific 3-hour tests and extended

conditions typical of a possible real application.

Keywords

Thermal storage; Smart grids; Vessel models; Experimental tests; Load demand management.

1. Introduction

Distributed generation facilities [1] are of increasing interest both at academic and industrial levels,
owing to their potential benefits like cleaner production and cost effectiveness [2]. Special attention

is devoted to the installation of small-scale power plants located close to the load [3] and connected
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to thermal grids, possibly arranged in smart polygeneration grids [4]. Energy generation in close
proximity of the consumers is expected to reduce system outages [5], decrease risks of new grid
investments [6], warrant the reliability and stability of energy supply [7] and reduce transport and
conversion losses [8]. In addition, this technology plays a critical role in reducing the greenhouse
gas emissions [9] through wide-ranging applications of small scale [10] high efficiency systems
(e.g. fuel cell based plants [11]), cogeneration and trigeneration technologies [12] and renewable
energy based plants [13].

Since these new polygeneration grids [14] can be equipped with several generators based on
different technologies [15], the system management can be a demanding task. Moreover, each
prime mover, considering also renewable source technology [16], has its own specific
characteristics [17] in terms of design performance, off-design behaviour [18] and constraints (e.g.
the start-up time and operational life cost). For this reason, an automatic tool [19] is essential to
dispatch load demand, both electrical and thermal, to each generator according to cost effective
algorithms [20]. Several management and optimization tools have been developed on the basis of
different approaches (considering both traditional [21] and renewable sources [22] including the
effects of climate conditions [23]) and verified at only simulation level [24]. Hence, experimental
tests are essential to validate, tune and optimize these management algorithms (both control logics
[25] for single systems [26] and optimization techniques for the entire grids [27]).

In this scenario, energy storage systems play an important role to improve the grid performance in
terms of flexibility, efficiency increase and marginal cost decrease. Moreover, they can effectively
compensate for non dispatchable renewable sources (mainly in case of solar, wind [28] and
hydroelectric [29] energy). In thermal and polygeneration grids, thermal storage vessels are cost-
effective solution to uncouple the electrical and thermal demands, contributing to avoid machine
operations at low load and low performance conditions. Among different thermal energy storage
approaches (e.g. phase changing materials, chemical storage devices, etc.), this paper focuses

attention on hot water vessels due to the simplicity and straightforward integration with the thermal
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grids. Unlike the previous works on hot water vessels (for district heating [30] including renewable
sources [31] or building issues [32]), in this paper special attention is devoted to real-time models
for the state of charge estimation of the stored thermal energy: in fact, such models have to be
simple enough for implementation in the plant acquisition/control system and to operate in real-time
mode. Such tools have been used for the experimental tests performed in the smart polygeneration
laboratory of the University of Genoa, Savona campus [27]. The experimental tests were essential
not only to assess the vessel tools, but also to demonstrate the application in real plant management
conditions, showing the benefit of thermal storage technology in smart grids managed by real-time
tools, mainly in terms of marginal cost decrease.

In this paper, three different models to evaluate the state of charge (SoC) for thermal storage
devices are presented, considering three different approaches: empirical (model n.1), mathematical
(model n.2) and physical (model n.3). This modeling activity is essential because the actual
temperature distribution is unknown (usually the vessel is equipped with a limited number of
temperature sensors) and the management tools need to receive the storage SoC value in real-time
mode as an input.

Additionally, management tests were carried out to demonstrate the reliability of the empirical
model and the benefits related to thermal energy storage technology [27]. For these tests, a real-time
management tool developed in Matlab®-Simulink® environment was used [33]. In comparison with
previous works (considering both traditional [21] and renewable sources [22] including the effects
of climate conditions [23]), these tests were carried out to demonstrate the real application of a
simple management approach based on cost calculations: electrical and thermal loads are dispatched
using a cost ranking of prime movers. Even if this tool (including a thermal storage management
technique) was developed considering a quite simple approach, the results obtained in this
experimental campaign have demonstrated its good economic performance, promising an effective

scalability to larger scale polygeneration grids.
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The important novel aspect of this work is the application of the real-time tool (including a
simplified thermal storage model) in an experimental and flexible rig, which is capable to generate
real operative conditions. While several previous works have presented offline management results
with complete optimizers based on genetic or other complex algorithms, in this work a real online
application is presented. The real-time performance and the reliability in plant management
demonstrated in this work are essential aspects for polygeneration grids including hundreds or
thousands of prime movers and thermal storage devices. In these cases, the novel simplified
approaches for both the real-time tool and the vessel SoC calculation are able to maintain real-time

performance differently from the complex algorithms.

2. Test rig description

The TPG installed an experimental rig (at Savona campus of the University of Genoa), which
represents a laboratory scale smart polygeneration grid [33]. It is a test bench to develop, tune and
demonstrate the management/optimization tools for distributed generation systems. This test rig
(Fig.1-a) is composed of the following generators which are able to operate in cogeneration mode
[18]: a 100 kW, recuperated microturbine (T100 PHS Series) and a 20 kW, internal combustion
engine (TANDEM T20-A). Moreover, the facility is equipped with a 5 m’ hot water tank able to

store thermal energy.

Figure 1

Energy distribution is carried out with a direct connection to the campus electrical grid, and through
an innovative two-ring thermal grid installed in the laboratory [33]: a hot ring operating at a
nominal temperature of 75-80°C, and a cold ring at 50-55°C (Fig.1-b). While the hot water

produced by the prime movers is collected by the hot ring, the cold one is receiving the return water
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flow from the users. As shown in [33], the ring temperature values are maintained almost constant
by three-way valves installed for both generator and user devices. Each generator block is also
equipped with a local fan cooler to emulate the building consumption, while a global fan cooler
(shown in Fig.1-b) is also included to emulate the users directly connected to the grid and not able
to generate thermal power. This component is connected to the rings as well as the generators, but it
works with opposite flow (it receives hot water from the high temperature ring and delivers cold
water to the other ring).

The possible thermal power mismatch between generation and utilization is compensated through
the large vessel (5 m®) connected between the rings (Fig.2 shows the storage tank with the location
of temperature probes and the consequent division in zones) [27]. The bottom probe is located at
475 mm from the ground and the distance between two subsequent thermoresistances is 610 mm.
In addition, this tank is essential for thermal energy storage in the form of stratified hot water. Thus,
when consumption exceeds the production, the required heat can be obtained from water driven
from the top of the storage tank to the hot ring. In the opposite case, hot water is supplied to the
storage tank from the hot ring. Electricity supply/demand mismatches are simply managed by either

purchasing from the grid, or selling the excess electricity produced to that same grid.

Figure 2
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3. Thermal storage tank models

Since the accurate evaluation of SoC of energy storage systems [33] is fundamental for optimizing
the plant management [34] also in case of renewable sources [35], this work shows three different
tank models for a vessel which is able to store sensible heat in the form of hot water [36]. Three
different modelling approaches were considered for different needs in terms of result accuracy,
algorithm complexity and computational time (real-time performance [37] is a requirement, in this
case).

3.1. Empirical approach (model n.1)

This model is based on temperature measurements coupled with thermal power difference between
generation and consumption. Since the temperature distribution inside the vessel is stratified, it is
possible to define a separation surface (or better a separation zone) between the charged part (at the
generation temperature level) and the discharged one (at the return temperature value). Thus, the
temperature sensors allow the calculation of the enthalpy value and the related SoC (Eq.1) for the
vessel zones at high or low temperature levels. For the intermediate zone, in general, no accurate
information is available from measurements, which are not continuous along the height. So, the
thermal power difference of the connected devices is used with an integration approach (Eq.2
showing the enthalpy variation related to the At time). With Fig.2 reference, in case zones A, B and
C are at the generation temperature level and zone E at the return temperature value, the procedure

necessary to evaluate the enthalpy and SoC values in the intermediate zone is applied to "Zone D".

H
SoC=—-100 (1)
max
t+At
AI_[storage = " A})th ’ dt (2)

Since this approach is significantly affected by thermal losses and measurement errors, it is
necessary to compensate the model by introducing an empirical loss value. It is calculated in real-
time mode on the basis of the temperature difference between the water content and the ambient and

the external surfaces of the storage vessel and the pipes. This compensation is essential to avoid
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significant errors during long time tests [33]. However, due to uncertainties in such calculation, the
model includes a further approach to align the SoC value with the temperature measurements. In the
intermediate zone, the integral result is forced to match the calculation carried out with the
measured temperatures when one of the two temperature probes (located on the top and on the
bottom of the intermediate zone) reaches the high or the low temperature value. Since the exact
matching with the temperature set-point is a rare case (due to thermal losses), a tolerance band of
+3°C 1is necessary. In case the hot ring set-point would be 75°C, during a charging phase the
integral is forced to match the enthalpy calculation based on the measured temperatures when the
temperature sensor at the top of the intermediate zone reaches 72°C. Moreover, to avoid
discontinuous behaviour between the fully charged or discharged parts and the intermediate zone, a
linear temperature variation was introduced for the connection between the zones.

3.2 Mathematical approach (model n.2)

The aim of this model is the calculation of the enthalpy for the water stored into a vessel (and the
related SoC value) using a hypothetical temperature curve that fits the real temperature distribution
acquired via field measurements. Remarkably, this model does not need mass flow and thermal
flow measurements.

Two main hypotheses were considered to build this model: temperature distribution along the vessel
sections is a continuous function of section heights, and temperatures are constant within a defined
vessel section. This second hypothesis is applicable when the convective motions are negligible
(stratification conditions) and the flow velocity inside the vessel is low. Based on such hypotheses,
it is possible to build a mono-dimensional temperature function, which is dependent only on the
height (z) of the vessel. Through this function, the stored enthalpy can be calculated. The needed
function must always be continuous, increasing and symmetric with a concavity change into mirror
plane only, with two real limits at +oo very close to the maximum and minimum temperatures of the
vessel. The Eq.3 which is suitable to fit the experimental data with good accuracy, shows the vessel

temperature in relation of height level (z) on the basis of 5 parameters (a, b, ¢, d, e) calculated with
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a fitting tool named Constrained Nonlinear Curve Fit LM Bounded [38]. It fits a curve using a “first
try” set of parameters into a Levenberg-Marquardt algorithm. Furthermore, the resultant parameters

are coerced into a defined bound, to ensure the physical plausibility of the solution.

g-ld-z—a)

Jetldz—e)®

T(z) = Inyc+(d-z—a):+b (3)

By changing the parameter a,b,c,d, and e, it is possible to change the curve to adapt it to the
measurements. Figure 3 shows this function with the following parameter values: a=130, b=65,

c=d=1, and e=2.1. It is a plausible trend of the temperature in a real 5 m’ tank.

Figure 3

Curve fitting needs at least five temperatures to obtain univocal solution from the fitting process.
So, the volume inlet and outlet temperatures can also be used. This choice is acceptable when the
mass flow rates are not negligible, which is verified in the experimental set-up under investigation
(hot and cold tubes feeding at the extremes of the vessel). In case of low mass flow rates, an apt
weighting process of the inlet and outlet temperatures has to be implemented, to keep into account
the temperature deviations due to thermal losses.

The component is modelled like a stack of one-centimetre high elemental volume where
temperature (calculated with Eq.3) is considered constant for all its internal points. On the basis of
these calculations, the vessel enthalpy is calculated as the sum of enthalpy of each elemental
volume.

3.3. Physical approach (model n.3)

In this case, the thermal storage tank has been modelled with a multi-nodal method, based on a
numerical 1D finite difference scheme. It consists of dividing the vessel in N sections (nodes) and

solving an energy balance for each of them. Thus, a set of N differential equations is used to obtain
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the temperatures of the N nodes as a function of time. The problem domain was divided into N

parts, spatially distributed in the z direction (Eq.4).

Az= (4)

N-1
N is the number of nodes predetermined by the user. It is a fundamental parameter of the system,
since it defines the model accuracy. H is the height of the tank. In this way, the whole storage is
subdivided into N portions of water, each having the i"™ mass (Eq.5).
m; = p;A;Az (5)
The temperatures of these N masses are the outputs of the problem. Therefore, there are N unknown
values to be calculated at each time step. To solve the mathematical problem, N differential
equations are used, linking the temperatures with the model parameters, as well as taking into
account the following different internal and external phenomena:

o heat conduction between the various water masses;

o heat losses between the masses and the outside;

o inlet or outlet water flow rate (positive or negative);

o internal natural convection .

Figure 4 shows the tank scheme discretized into N parts.

Figure 4

The energy balance considering different internal and external phenomena is reported in Eq.6.

(p-v-d-az) dT, _
2 dt

qc,i - qcanv,i + qs,i + qm,i (6)

The mathematical time-dependent integration is performed through the implicit Crank-Nicolson
method.
The most important parameter associated with the heat storage is the enthalpy content of the stored

water (SoC parameter). The estimation of this parameter is affected by an error that increases with
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the decrease of the number of temperature nodes, because the theoretical exact value of the SoC
could be obtained only with N tending to infinite. The objective is to improve the estimation
accuracy of the stored heat amount (typical problem of system state identification) with a limited
number of nodes, and taking advantage of the field measurements. Conventionally, this estimation
is performed indirectly through the detection of temperatures at various heights of the tank: the
thermal stratification of water and the small number of sensors involve estimation errors in enthalpy
calculation. Figure 5 shows an example of the errors related to the State of charge (SoC) evaluation

(Eq.1) for a thermal storage vessel. With this approach errors higher than 25% may occur.

Figure 5

It is clear that reducing temperature measurements (number of nodes) the error increases; for
example, the difference in SoC value that is estimated using 2 temperatures instead of 8 is 24.6%.

The model implementation was carried out in Matlab-Simulink environment. The measurements of
thermoresistances (four probes in the laboratory test case) were forced at the related i-th node, to
take the advantage of experimental evidence: in such respect, the model can be regarded as a tool to
physically interpolate between the temperature measurements. This approach is essential to avoid
significant error accumulation and increase over time. While in calculation models errors under 1-
2% are considered acceptable, in the thermal storage case such difference in SoC evaluation could
generate errors higher that 30-50% after several hours of operation (as typically carried out for these
systems). Thus, the temperature forcing approach is able to compensate the errors on the basis of
actual measurements. The model has to estimate the remaining temperatures: these temperatures

will be used for a more accurate estimation [39] of the SoC value of the vessel.
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4. Results of thermal storage tank models

This work shows a test carried out on the 5 m® tank related to both charging and discharging phases.
The initial charging level condition was 72% of its maximum. During the initial 17000 s, the
thermal power difference between generation and consumption was close to zero. Subsequently,
the machines were managed to have an excess of thermal utilization (average value: about 51 kWth)
followed by a generation value significantly higher than the consumption (average value: about 38
kWth). As already explained in a previous work [27], the enthalpy (and the consequent SoC) was
calculated considering 55°C as reference temperature (i.e. stored enthalpy is 0 MJ (SoC=0%) with
the tank temperatures uniform at 55°C). This reference value was chosen because the temperature
set-point of the cold ring was fixed at 55°C (this means that during operations, excluding the grid
start-up phase, 55°C is the lowest temperature value in the vessel). The main results obtained with
all the models are shown in Fig.6: almost constant SoC value in the initial part, followed by a
sensible decrease and a final increase.
4.1. Comparison

Since no experimental data are available for the SoC, and these models were developed really to
evaluate a property that cannot be measured or easily obtained from the available measurements, an
assessment of model performance is shown here considering the general SoC trend. In details, a
continuous trend is better representing the real phenomena, while an SoC curve with spikes or
instantaneous trend changes is considered less accurate.

Since the Model n.l1 is based on the simplest approach (thermal power difference between
generation and consumption), it can also be considered as the reference case. However, to
compensate a possible significant error accumulation, the correction based on the measured
temperature values generates some discontinuities (5% order of magnitude) in correspondence of
compensation zones. They are visible in Fig.6 close to 20000 s, in the trend inversion zone and
close to 25000 s. Model n.2 shows more discontinuous behaviour due to temperature fitting

problems and to rapid fluctuations of inlet/outlet temperatures. The Model n.3 is in good agreement
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with the results obtained with the Model n.1. It produces a more continuous trend because it is
based on a physical approach, able to compensate thermal losses and power measurement errors
with good accuracy. In this case, the matching with the measured temperatures is carried out during
the entire model operations, instead of in specific conditions (as in the other models). Even if the
Model n.3 seems to be the most reliable solution for its continuous trend, both simplified
approaches (empirical and mathematical) can be used for management of polygeneration grids. This

aspect is very important in case short calculation time is necessary (e.g. in complex large grids).

Figure 6

To conclude this discussion, Fig.7 shows the temperature distribution calculated with the Model n.3
and the temperature measurements obtained with the probes installed in the vessel (T;, T,, T3 and
T4). These measured values (the bold lines in Fig.7) are the same for all the models because they are
used to evaluate the vessel state of charge related to the same experimental test. The significant
temperature decrease/increase due to the discharging/charging operation is shown by both
measurements and calculated values. The inversion of temperature trends (shown by T; at about
22000 s after the test beginning) is in agreement with the time of the lowest value in the plot related
to the SoC.

Since the measured temperatures are input data for the model, they are exactly matching the
temperature values of the related calculation node. So, these measured temperatures cannot be used
for model validation. The only model assessment can be carried out considering the temperature
distribution obtained between the measured values and the related continuous trend, as discussed for

the SoC value in Fig.6.

Figure 7
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S. Real-time tool for smart grid management

The application and the related importance of thermal storage tank models were assessed by the
laboratory tests carried out with a real-time management tool which is capable to perform a market-
oriented control strategy on the prime movers. So, even if it is not based on a rigorous complete
optimization approach, it is a simplified tool developed to perform an economic improvement of
prime mover management. Considering a marginal cost ranking (including profit too) related to all
the prime movers, the tool (implemented in Matlab-Simulink environment) performs a control
action [27] on the electrical set-point values to reduce the generation costs. This ranking is
calculated in real-time mode on the basis of the specific measurements acquired continuously and,
as a consequence, taking into account the prime mover off-design performance. So, in case of a
thermal energy overproduction, the tool applies a set-point decrease on the most expensive prime
mover, while in the opposite case (i.e. a thermal demand increase), the software generates a ramp-
up operation for the less expensive generator. The tool is able to switch on/off the machines, if
necessary, to decrease the generation marginal costs and to take into account different constraints
(e.g. maximum/minimum generation power values, maximum acceptable set-point slopes and
waiting times for machine switching on/off, etc.). As previously described in [27], even if this is
not a real rigorous optimizer, this is a very simple and modular approach able to operate in real-time
mode in complex smart grids equipped with a very large number of prime movers.

The thermal storage tank management is included in the general tool considering historical data (the
tool stores data related to demand/generation profiles and tank SoC value) on the basis of a
management period (even if each period usually corresponds to 24 hours, it is possible to consider
shorter time range for test reasons). Using these stored data the tool calculates (considering costs,
maximum acceptable values and profits) the engine constraints (Pypper simic  and Piower 1imir), thus
generating an operative range where the thermal demand can be uncoupled from the generation
using the storage vessel. During low thermal demand conditions, the prime movers can be ramped
down (switched off too) or maintained at high load values generating electricity for the grid and
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charging the thermal storage tank. The stored amount has to be used to cover thermal demand peaks
occurring especially during low electrical demand conditions. The tool calculates the P,pper simir
value to satisfy Eq.7. Stating the need to obtain a significant amount of historical data updated
period by period, this software is able to effectively manage the storage tank starting from the third
period. Even if the typical period duration is 24 h, shorter duration values are possible for laboratory

test reasons.

{ Pﬁ'am&nd(t} = Pwpfpar_!imir(t}
I

periodlanght
o Pdamr:mi(ﬂ - Pwp*par_!imit(t}}dt = E_‘-'ro upper limit — E_‘.'ro lower limit

(7
Esio upperiower 1imir are calculated constraints considering technical and empirical evaluations.

Moreover, with a similar procedure, the Pj,ye simie 1S calculated with the following equations (Eq.8).

Pdsmﬂnd(t} = Plowa'r_!imir(t}

periodlenght (8)
{ ID P!war_!imir(ﬂ - Pdamﬂnd(t}}dt =Eg, upper limit ~ E_'-'-'ro!war_!imir

In case the values are not able to satisty the first conditions of Eqgs.7 and 8, the power limit values

are reset to fixed constraints.

6. Polygeneration grid management tests

This section shows the experimental tests carried out with the laboratory rig managed by the real-
time tool presented in the previous section. The results obtained without the management of the
thermal energy storage tank (the vessel was included in the rig, but the SoC set-point value was
maintained constant) are compared with the same performance parameters obtained with the
algorithm presented for the storage tank in the previous section. In both cases, the same demand
values (for both electrical and thermal power) were used during the tests. For laboratory constraints
related to the test duration, a 3-hour period was considered. This approach was necessary to perform
each test during a reasonable time (12 hours) because further three hours are necessary to pre-heat
the rig, and the tests with the storage tank management require the repetition of at least 3 periods.

However, this approach can demonstrate the tool performance in perspective of applications to real
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systems (with 24-hour periods). The power demand data considered for these 3-hour period tests are
shown in Fig.8, where both electrical and thermal values are reported for all the users. Since each
generator block is able to emulate a building equipped with a prime mover and energy consumption
devices (responsible of electrical and thermal local demands), Fig.8 shows the different demands
for each user (as mentioned in section 2, while electrical demands are generated just with the
machine connected with the laboratory electrical grid, the thermal demands are generated with fan
coolers located in the generator blocks or at the thermal grid level). The temperature set-point
values for the thermal grid were set to 75°C and 55°C for the hot and return ring, respectively. So,
the end users are receiving water at 75°C nominal value (the thermal losses can result in 0.2°C
maximum temperature decay from the nominal value). The demand data shown in Fig.8 were
defined to highlight the tool skills considering the management of case-limit conditions. For this
reason, some demand curves were defined taking into account a completely decoupled situation
between electrical and thermal peaks. Although they are not representative of a typical district, they
allow highlighting the tool performance in a short time period considering a challenging scenario.
The emulated building equipped by a specific prime mover can have a demand higher than the
maximum power that can be generated by it. This is possible because the excess power can be
supplied by another emulated building, by the grid (for the electrical demand) or by the thermal
storage vessel (for the thermal demand). In the input data shown in Fig.8, the excess of electrical
power demanded by the emulated building including the ICE has to be covered by the microturbine

or by the electrical grid, as managed by the real-time tool.

Figure 8

The tests discussed here were started under the following conditions: ICE at maximum load (20
kW) and mGT at about 39.5 kW electrical power (in case of thermal storage tank management, the

test starts with mGT at 52.2 kW because in this case the results are related to the third period). Since
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no ambient temperature control can be performed, during these tests this parameter was in the 15-
23°C range. Additionally, the following data were used as an input for the management tool,
considering countries which are affected by high energy costs at household level (e.g. the situation
in Italy in 2015):

e Fuel price: 0.091 €/kWh [40]

e Electricity price (purchased from the grid): 0.24 €/kWh [41]

e Electricity price (sold to the grid): -0.11 €/kWh [27]

In the tests shown in the following sub-sections the SoC value of the thermal storage tank was
evaluated using the Empirical approach (model n.1). Moreover, a comparison with the Physical
approach (model n.3) is presented in section 6.4 to further demonstrate the reliability of model n.1
for applications in complex polygeneration grids.

Since the SoC at the end of the test can be significantly different from its value at the beginning, it
is necessary to include the cost related to this missing/additional energy in the global cost
evaluation. To consider the possible worst condition, this additional cost was calculated in all the
following tests by considering a standard boiler (90% efficiency) operating with natural gas.

In the final subsection (6.5) an extended test carried out with the real-time management tool is

included, to shows the results related to conditions typical of real applications.

6.1. No management of the thermal storage tank
The results obtained with the rig managed by the tool without operations on the thermal storage
tank are shown in Fig.9. The thermal storage tank was not excluded from the test rig, but it was
simply maintained at fixed SoC set-point (67%). For this reason, the tank participates to compensate
the small power mismatches (due to components control system delays) as shown in Fig.9 by the
slight differences between demand and generation in total power values and the consequent SoC
oscillation (in the +15 MJ range). So, the total thermal generation (£3.5% average accuracy

considering the sum of ICE and mGT thermal power) followed the total thermal demand (thermal
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energy consumption caused by the fan coolers) affected by +4.3% average accuracy (the sum of
thermal power consumed by mGT, ICE and grid fan coolers). The total fuel consumed during this
3-hour test was 63.09 kg responsible of 76.55 € cost. Moreover, additional fuel (0.08 kg) producing
0.11 € further cost, has to be taken into account to compensate the slight SoC decrease. Moreover,
since 0.87 € cost has to be considered for the electrical balance (105.26 kWh sold to the grid at 0.11
€/kWh and 51.86 kWh purchased from the grid at 0.24 €/kWh), the total marginal costs of this test
was 77.53 €, on the basis of a global balance related to the whole polygeneration system.

These results obtained with this real-time tool without operations on the thermal storage tank can be
compared to results related to traditional standard management of the prime movers (the ICE
managed to satisfy its local thermal demand and the mGT operated on the rest of the thermal
demand). In this standard approach, the ICE was not at maximum load for a large part of the test
due to low demand range of 15-37 kW range (see Fig.8) implying a significant electrical efficiency
decay [18]. As mentioned for the management tool description, the efficiency decay in part-load
conditions was taken into account because it was calculated in real-time mode on the basis of the
fuel mass flow rate and the generated power. So, the total cost (global balance) in this standard case
was 86.36 € for a fuel consumption of 71.95 kg (87.30 € cost) and an income related to the
electrical energy balance equal to 0.94 € (100.15 kWh sold to the grid and 41.97 kWh purchased).
In conclusion, this comparison between the test based on the real-time tool with a standard

management case showed a 10.2% cost decrease thanks to the software application.

Figure 9

6.2. Management of the thermal storage tank
Figure 10 shows the results obtained with the real-time tool including the management algorithm
for the thermal energy storage tank. On the basis of the historical data (this was a third period

operated immediately after two former periods with the same demand values), the tool maintains
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the ICE at maximum load and the mGT at almost constant set-point value (calculated on the basis
of the algorithm presented in the previous section). So, the storage tank was discharged during the
initial 5400 s (high thermal demand condition), and recharged during the second part of the test
affected by low thermal demand values. As shown in Fig.10 the SoC line is affected by some slight
discontinuities due to the characteristics of model n.1. However, the results show that these aspects
are not limiting the model performance, because it is able to well operate for such kinds of
polygeneration grid management. The total fuel consumed during this test based on the storage tank
management was 65.25 kg generating 79.17 € cost. However, since the final SoC value is higher
than the initial one, the fuel amount (0.32 kg) and the related cost (0.44 €) has to be subtracted
because of the energy available in the storage tank. Moreover, the electrical balance generated 7.51
€ income due to 79.07 kWh sold to the grid and 4.94 kWh purchased from the grid. So, the total
cost calculated for this test was 71.22 € on the basis of a global balance related to the whole
polygeneration system. In conclusion, comparing these final results with the test performed without
the management of this energy storage component, it is possible to highlight 8.1% cost saving

obtained with the management of the storage tank.

Figure 10
6.3. Result comparison
Figure 11 shows the total marginal costs evaluated for each case. Thanks to a 17.5% cost decrease
obtained with the test carried out with the real-time tool including the thermal storage tank
management (in comparison with the standard case), it is possible to demonstrate the effective
performance of this management tool. Therefore, this real-time tool, based on a very simple
management algorithm and equipped with a very simple SoC calculation model (model n.1
presented in section 3 and validated in section 4), has demonstrated its ability to obtain a significant

improvement in polygeneration grids. This is an important result especially for the management of
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complex grids (high number of generators and thermal storage tanks), where complex modelling

and optimization techniques could not be acceptable.

Figure 11

Table 1

A sensitivity analysis was also carried out to show the effect of different electricity prices. Since the
Italian case is affected by high electricity prices, results considering different scenarios were
calculated to extend this analysis to other countries with lower prices for electrical energy. The
main economic results are shown in Tab.1 considering the comparison of tests carried out either
with the real-time tool enabled to manage the thermal storage vessel or operating at constant SoC
set-point. While the economic benefit related to the thermal storage management was higher at high
electricity cost conditions, also at low unitary electrical costs the tests carried out with the vessel

management produced lower marginal costs (fuel price was constant in all cases).

Table 2

To complete the cost sensitivity analysis for the 3-hour tests, Tab.2 shows the effect of different
fuel prices considering possible countries with lower costs. For this analysis the electricity prices
were maintained constant: 0.24 €/kWh for energy purchased from the grid and -0.11 €/kWh for the
energy sold to the grid. Also in the cases reported in Tab.2, the results are able to show the
significant benefit of the vessel management in comparison with the results obtained without

enabling this option in the real-time tool.

6.4. Impact of storage model type on management results
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To evaluate the impact of storage model on these management results, the same 3-hour test was
carried out also with the model n.3 for the SoC calculation. While the ICE was at maximum load
for the entire test, attention on Fig.12 is focused on the properties showing trend modifications in
comparison with the Fig.10 results. For this reason, the values obtained for the SoC, mGT electrical
power and total generated thermal power are reported and compared with results obtained with
model n.1. Figure 12 shows that the most complex and reliable storage model generated a more
continuous trend in the SoC curve. However, the difference in the calculated values is not
exceeding 5% of the full charged condition during the entire test. The marginal cost calculation
related to the fuel consumption and the electrical energy balance with the grid was carried out
considering the Italian scenario for the year 2015. The total mass of fuel consumed during this test
(storage tank management with SoC calculation carried out with the model n.3) was 64.93 kg
generating 78.78 € cost. However, since the final SoC value is higher than the initial one, a fuel
amount (0.20 kg) and the related cost (0.27 €) has to be subtracted (energy available in the storage
tank). Moreover, since the electrical balance generated 7.06 € income, the total cost calculated for
this test was 71.45 €, on the basis of a global balance related to the whole polygeneration system.
While the global results are very similar (0.3% increase in global costs) to the data obtained using
model n.1, the test is a further demonstration of the simplified approach capabilities. So, model n.1
is a good solution for the management of complex rigs or districts, considering that errors in global

cost calculation are significantly lower than errors due to measurement accuracy.

Figure 12

6.5. Application to an extended test
To complete the evaluation of the real-time tool performance, the results of a long time test are
presented. Also in this case the SoC value for the storage tank was calculated with the model n.1,

due to the good compromise between simplicity, result reliability, and possible application in
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complex grids. The demand values shown in Fig.13 were related to an operation period between
8:00 a.m. to 5:00 p.m., as in a typical district related to daytime activities (e.g. office work). The test
was not related to the complete campus demand, but a specific fraction selected for the tool
assessment. Unfortunately, due to a real demand value higher than the machine sizes, an operation
with the entire campus demand is not significant for the comparison with a standard case. In both

cases, the machines have to be at maximum load for the entire test.

Figure 13

Figure 14

Figure 14 shows the results obtained during this test managed with the real-time tool. Since during
the initial 3 hours the operations are carried out to obtain enough historical data for the SoC
management, the machines almost matched the thermal demand. Then, during the following hours
the tool managed the thermal vessel with a significant discharge operation.

The effectiveness of the tool is shown in Fig.15, where the operation cost of this extended test
(machines managed by the real-time tool) is compared with a standard approach (the ICE managed
to satisfy its local thermal demand and the mGT operated on the rest of this thermal demand). Since
in this case, the SoC at the end of the test is significantly lower than its value at the beginning, it is
necessary to include the cost related to this missing energy in the comparison with the standard
case. This was considered to calculate the cost for the additional fuel (6.13 kg) necessary to
compensate this SoC decrease (70.4%).

The total mass of fuel consumed during this extended test was 180.57 kg generating 219.09 € cost.
Moreover, the electrical balance generated 2.35 € income due to 207.93 kWh sold to the grid and
85.52 kWh purchased from the grid. So, the total cost calculated for this test was 225.01 € on the

basis of a global balance related to the whole polygeneration system and including 8.27 € additional
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cost for the mentioned SoC vessel decay. In conclusion, comparing these final results with the
reference case test (Fig.15), it is possible to highlight a 13.3% cost saving obtained with the real-

time management tool.

Figure 15

Comparing the results of this extended test with the 3-hour case, it is possible to highlight that the
cost saving percentage is dependent on the demand curves. Considering the standard case, it is
possible to obtain a cost saving in the 0-20% range with operations including the thermal vessel
management. In details, no cost saving is present in case of constant demand values equal to the
nominal machine loads (both electrical and thermal generation), because in both cases (operations
with the real-time tool or with the standard approach) the machines have to operate at maximum
power condition. In case of lower demand values showing oscillations, it is possible to have a
significant benefit (up to 10-20% cost saving performance) especially in case of large application of
thermal storage vessels. The paper demonstrated 17.5% and 13.3% cost saving values with the 3-
hour and the extended tests, respectively. Even if the 17.5% cost decrease is significant for such
kind of laboratory rig, the large influence of the demand curves cannot allow to evaluate the
maximum saving value. The influence of the historical data in the tool for the storage vessel
management could be important in case of very different demand trends during subsequent periods.
However, the extended tests demonstrated that in several cases this influence can be accepted
because the demand variations during the presented test are perfectly sustainable by the real-time

tool, as demonstrated by the 13.3% cost saving.

Table 3
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Also in this case a sensitivity analysis was carried out considering the effect of different electricity
prices. The main economic results are shown in Tab.3 considering the comparison between the
standard management approach and the test carried out with the real-time tool (including the
thermal storage vessel management). The results reported in Tab.3 show a significant economic
benefit obtained with the tool in all unitary electrical cost conditions (fuel price was constant in all

cases).

Table 4

To complete the cost sensitivity analysis Tab.4 shows the effect of different fuel prices considering
countries with lower costs (in comparison with the Italian situation). For this analysis the electricity
prices were maintained constant: 0.24 €/kWh for energy purchased from the grid and -0.11 €/kWh
for the energy sold to the grid. Also in this case, the values show that significant marginal cost
decrease is obtainable with the real-time tool (vessel management included) at low fuel price

conditions.

7. Application in a real complex polygeneration grid

Since the real-time tool operating in connection with the thermal storage simplified model was
implemented considering the application in a complex polygeneration grid, this section discusses
the details related to this generation management.

A complex polygeneration grid is a system including hundreds or thousands of prime movers and
thermal (and/or electrical) storage devices. While the generation is mainly involving electrical and
heating thermal power, districts including cooling power in tri-generation mode can be considered.
In this case, it is necessary to include the management of absorption chillers and the related

connection with the heating thermal grid. The district equipped with the complex polygeneration
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grid is composed of buildings including different technology. While, in general, each building can
be equipped with prime movers, end users and energy storage devices, in such a complex district
different configurations are possible (e.g. buildings equipped with generators or with users only).
Moreover, the prime movers can be operating in co-generation/tri-generation mode or based on a
separated generation technology (e.g. photovoltaic panels). The integration of technologies based on
fossil fuels with prime movers operating with renewable energy could be an essential aspect for
future generation.

In such scenario, the optimization tool needs to be very complex, also considering the simplified
approach presented in the paper. For instance, to evaluate the prime mover cost ranking, the tool has
to receive the necessary field measurements (usually power and fuel mass flow rate) for each prime
mover enabled to operate in the grid. The tool has to include a storage management subroutine
(with the necessary input temperature measurements) for each energy storage device installed and
operating in the district. Then, for each prime mover it is necessary to evaluate its set-point in real-
time mode and the on/off status to reduce the generation marginal costs, considering the specific
constraints (e.g. a temperature limit or a specific generation priority in case of renewable sources).
This complexity justifies the development of simplified approaches for the management tool and for
the vessel SoC calculation. However, as presented in the paper, the results could be considered
reliable and effective considering the real-time performance necessary for these software
technologies.

A further level of complexity is present in case the district is organized as a coupling of different
sub-grids. In this case, each sub-grid has to be managed by a specific tool and an additional
software (based on the same approach for the other tools) has to be included for the general district
management (to allocate the demand values to each sub-grid reducing costs in comparison with the

traditional management approach).
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8. Conclusions

In this work three different models based on three different approaches (empirical, mathematical
and physical) were developed to evaluate the state of charge in a hot water tank, which is able to act
as a thermal storage device. Moreover, they were successfully compared with data obtained from
the experimental facility [33] (100 kWe mGT, 20 kWe ICE, a thermal storage tank and fan coolers

for thermal demand generation). In details, the following results were obtained:

e All the three storage models show a significant agreement for the SoC evaluation.
e Model n.2 (mathematical) shows a more discontinuous behaviour.
e Model n.3 (physical) shows a good agreement with Model n.1 (empirical) and seems to be

the most reliable solution for its continuous trend.

Even if the complete physical approach is able to produce the most continuous SoC trend, the
empirical model is an effective solution for applications requiring simple (low computational time)
solutions due to the large number of components to be considered and the requirement of real-time
performance.

Moreover, the experimental facility [33] was used to operate tests on polygeneration grid
management, using a real-time tool equipped with the storage tank empirical model. This tool [27]
is a simple management software, which was developed to decrease the marginal costs of complex
grids (equipped with high number of generators and thermal storage tanks) during generation of
both electrical and thermal energy. The main experimental results obtained from these tests are the
following:

e The results obtained without the thermal storage tank management in the 3-hour test (this
device was not excluded from the test rig, but it was simply maintained at fixed SoC set-
point) showed a 10.2% marginal cost decrease in comparison with the standard machine
management case (the ICE managed to satisfy its local thermal demand and the mGT

operated on the rest of this thermal demand).
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The results obtained from the test carried out with the management of the thermal storage
tank in the 3-hour test showed a further 8.1% marginal cost saving in comparison with the
previous case.

The results obtained from the extended test showed a 13.3% marginal cost saving in
comparison with the standard machine management case.

The results demonstrated the effective performance of this management tool (simple
management algorithm equipped with a simple SoC calculation model), especially for the
management of complex grids where complex modelling and optimization techniques could
not be acceptable. For the SoC calculation through the empirical model, a comparison test
with model n.3 was successfully carried out with the management tool (0.3% difference in
total marginal costs).

Currently, this tool (with the empirical SoC calculation model for the thermal storage tank)

is successfully operating to satisfy the real load demands of the University campus.
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p

Subscripts

1,2,3,4

conv
dem
el

gen

ICE

Ml
M3

max

mGT
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enthalpy [J]

mass [kg]

number of calculation sections
power [W]

heat flux [W]

State of Charge [%]
temperature [°C]

time [s]

speed [m/s]

storage vessel height [m]

density [kg/m’]

temperature probe number
conduction

convection

demand

electrical

generation

node number

Internal Combustion Engine
mass flow

Model n.1 for SoC calculation
Model n.3 for SoC calculation
maximum

micro Gas Turbine

stratification
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Sto Storage

tot total

th thermal

Acronyms

ICE Internal Combustion Engine

mGT micro Gas Turbine

Std Standard

Sto Storage

TPG Thermochemical Power Group
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Figures

Figure 2. Stratification and thermoresistance scheme inside the thermal storage tank.
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Figure 3. Example of temperature trend as a function of tank height for model n.3.
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Figure 4. Discretization of a stratified water tank.
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Figure 8. Electrical (a) and thermal (b) demand values used for the 3-hour grid management tests.
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Figure 9. 3-hour grid management test without the management of the thermal storage tank:
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Figure 10. 3-hour grid management test with the management of the thermal storage tank: electrical,
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thermal powers and state of charge.
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Figure 11. 3-hour grid management tests: comparison in terms of total marginal costs.
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Figure 12. 3-hour grid management test with the management of the thermal storage tank:

comparison of different SoC models.
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Figure 13. Electrical (a) and thermal (b) demand values used for the grid management in the
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extended test.
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Figure 14. Extended test: electrical, thermal powers and storage state of charge.
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Figure 15. Extended test: comparison with the standard management case in terms of total marginal

costs.
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