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1 Summary

When properly operated, installing distriouted electric storage in the low and medium voltage
grid can be a method to avoid grid refurbishment, i.e. installing bigger cables and tfransformers.
In this deliverable we have fried to quantify the avoided costs thanks to operating the two
installed batteries in Chapelle-sur-Moudon in order to help the grid. One battery is privately
owned, and as such its main goal is to reduce consumption costs, while the bigger battery is
owned by the DSO and used solely to help decrease losses and reduce the power peak. The
way the batteries are coordinated has been described in the deliverable 3d3 design and test
of distributed DSM algorithms that use communication and new forecasting models). Here we
analyzed the effect of these operations on the overall power profile at the LV/MV trafo during
the pilot test period, and estimate the impact on cables and trafo degradation. Finally, we
fry to extrapolate the economic benefit of such decrease of degradation on the DSO total
costs.

2 Background

3 Estimation of aging acceleration factors for cables and trans-
former

3.1 Cable degradation estimation

Cable degradation is mainly due to the degradation of the cable insulation. The main ag-
ing mechanisms are degradation due to high temperatures and due to electrical stress. The
authors in (1) propose a multistress model, which can be expressed as:
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where L is the life of the cable under multiple stresses and L,...Ly are single stress lives for stress
S1 ... Sy and G is a correction function taking into account that life under multiple stresses is usu-
ally higher than that derived by simple multiplicative laws. Since the single-stress electrical and
temperature effects on cable life can be modeled be respectively modeled with an inverse
power low
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and with a ratio of Arrhenius laws I
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where E, is the activation energy associated to the insulation material and R is the gas con-
stant. The authors propose the following aging law:
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However, the interaction between electrical and thermal aging is usually disregarded (see for
example the International Atomic Energy Agency (IAEA) Cable Ageing technical report (2)
and (3)). Furthermore, authors in (4) compared different aging models for cable insulations,
and reported only a small different between models considering and disregarding the elec-
trical field and temperature interaction. Therefore, we just considered temperature-induced
degradation in the present study.



Insulator temperature computation Insulator temperature can be computed as a function
of ambient temperature and the instantaneous cable’s power. If the exact temperature at
insulator-conductor interface is needed, an equivalent resistance coefficient must be used,
which can be estimated starting from geometrical considerations on the cable stratigraphy
and type of insulator used, as shown for example in (5). In this study we have used a simpler
method, as suggested in (6), where the cable operating temperature is found by using the
Joules loss formula and knowing the maximum operating power and its corresponding tfemper-
ature: )

T(t> = Ta(t> + (Tmaa: - Tref) (g(t)) (5)
where T'(t) and T,(t) are the cable operating temperature and the ambient temperature at
the current time, T,,,., and T,..; are the maximum operating cable temperature and reference
temperature (20 °C), while P(¢) and P,,,. are the current and maximum cable power. Equation
Bis then plugged into[3|to retrieve the power-dependant instantaneous degradation.

3.2 Transformer degradation estimation

Transformer degradation is mostly due to the operating temperature of the hot-spot winding of
the transformer. The computation of this tfemperature is more complex than the computation
of cables operating temperatures, as different source of heating must be taken into account.
We considered an oil insulated transformer, and followed the procedure presented in (/) to
compute the hot-spot temperature, 0. This tfemperature can be obtained as the summation
of two thermal jumps:

O =04+ 010 + 6, ©®

where 6 4 is the ambient temperature, 01 is the relative oil temperature w.r.t. the ambient one,
and 6, is the conductor hot-spot temperature w.r.t. the ail.
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where 6ro_r is the rated oil temperature rise with respect to the ambient temperature, 6,_g is
the rated conductor temperature rise relative to oil temperature and Ppe_gr. Prr., Pec_gr Qre
the rated ohmic, load and eddy current losses respectively. These can then be expressed as a
function of the transformers’ load factor s:

Prp = Ppc + Pec + Post

Ppc = B*Ppo—r @)
Ppc = B*Pec—rFuL

Post, = B?Post—rFur-sTr

where:

Prpco_r =10.33 (PLL—R - PDC—R)

(D)
Posr—r =0.67(Prr—r — Ppc—R)

Ppc—r =3 (Rl + Rolp,) (10

The harmonic loss factor Fr, and the armonic loss factor for other stray losses Fyr,_srr depend
on the magnitude of the harmonic components of the current (the fundamental being 50 Hz),
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Name Type Value Description

T; var - Cable operating temperature at time ¢

T,(t) var - Ambient temperature at time ¢

Traz param 95 Maximum operating temperature

Prue param 250 kW Maximum operating power

E, param 0.65 eV Activation energy for XLPE cables

R param 8.63e-5eV/K Gas constant

B=E,/R param 7540K Arrhenius law exponent for the cable

Tref param 15 Reference operating temperature for the cable

Table 1: Variables and parameters for the computation of the cable aging.

and can be computed with the following weighted average:
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[t must be noted that we do not possess harmonic measurements which need to compute the
harmonic decomposition (and retrieve the coefficients k) neither the total harmonic distortion
(THD) at the PCC, and the best we can do to approximate these losses is to guess the harmonic
decomposition of the signal and take it constant between different approaches. This is not
realistic, since the operations of the battery can alter the harmonics of the current. However,
this uncertainty can be considered of second order when considering the exponential relation
for the computation of the fransformer aging, which is characterized by a larger exponent
w.r.t. the one used for the computation of the cable aging. Also in this case, we use a ratio of
Arrhenius laws to estimate the relative aging of the transformer w.r.t. different power profiles, as
required by the IEEE standard C57.91™-2011 (8) to compute the transformer insulator life. Here
Ourey is the hot-spot reference temperature for which the transformer life is regarded to be the
nominal one, and B is a constant set to 1500 by the C57.91 standard.

B B
Faa = — 12
A4 = XD (9wa Y273 Om+ 273) (2

This constant is much higher than the one we used to compute the aging of the power ca-
ble insulation, and results in a much more temperature-sensitive relation, as can be seen by
comparing the last two rows of figure [1 and 3/

3.3 Numerical results from pilot

The presented methods to estimate the acceleration aging factors for the cables and the trans-
former have been applied to the data from the pilot in Chapelle. The data is relative to the
4 months period in which the batteries have been operated by SUPSI. Briefly speaking, the
strategy tried to coordinate the two installed batteries to both minimize the costs for the
privately owned battery and to perform peak shaving at the trafo, in a Pareto-optimal way.
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Name Type Value Description

O var - Hot-spot temperature of the transformer
Otives param 95 Hot-spot ref. temperature of the transformer (8) (/)
04 var - Ambient temperature

010 var - Oil temperature w.r.t. air

04 var - Hot-spot temperature w.r.t. oil

Ppe var - Ohmic losses

Ppc_r var - Rated ohmic losses

Prr, var - Load losses

Pri_n param  3.25 kW Rated load losses

Prc var - Eddy current losses

Prc_r var - Rated eddy current losses

Posr var - Other stray losses

Posi—r var - Rated stray losses

Pnr, param  0.65 kW No-load losses

Ir1 — Ipy var - Currents at the high-low voltage winding
Fyr — Fyr_str Var - Harmonic loss factor - for stray losses

B var - Load factor

Sgr param 250 kVA Rated fransformer power

Ur, — Ug, param 20 - 0.4kV Primary - secondary rated voltage

R1 — Ry param 10.4-0.00416 Q Per-phase DC resistance primary-secondary winding
Sr param - 250 kVA

Sr param - 250 kVA

Sr param - 250 kVA

Sk param - 250 kVA

B param 15000 Arrhenius law exponent for the tfransforme (8)

Table 2: Variables and parameters for the computation of the tfransformer aging.



Since we have measurements for both the power at the trafo and batteries operations, we
subtracted the effect of the batteries and performed what-if analysis. In particular, we
compared the degradation under four cases:

1. A baseline, in which no batteries is installed. This was achieved subtracting batteries
charging and discharging operations from the power measurements at the transformer.

2. The battery real operations, in which we have used the measured power at the trans-
former which actually occurred.

3. The case of ideal batteries. We subtracted the batteries operations and we then simu-
lated two batteries with the same capacity and charging limits than the installed one,
considering they can use perfect forecasts for the power at the transformer. Secondly, the
ideal batteries has also perfect knowledge of their state of charge with no delay, which is
not the case for the real batteries. This case is considered the lower bound of what can
be achieved in terms of cable and trafo temperature decrease w.r.t. the baseline, and
thus a lower bound for age reduction.

4. ldeal batteries with ramp constraint. This is the same of the previous case, but adding
ramp constraints for the operated battery, restricting the power variations to 10 kW/min.

In figure [T] the key quantities for the computation of the cable degradation are shown for a
period of three days. The top plot shows the power under the four aforementioned cases. The
top plot shows the power at the trafo, the blue line indicating what would have happened
without the batteries in place. The red line shows the resulting power under the real battery
operations in the considered period. The batteries try to perform peak shaving flattening the
overall consumption. During the first day we can see the batteries charge from the installed PV
(when the frafo is injecting back into the MV grid) and then soon discharges themselves; this is
likely due to forecasting errors overestimating the future consumption. The middle plot shows
the cable’s temperature obtained by equation ), while the last plot shows the degradation
factor computed from equation @). It can be seen how even small deviations in the cable
temperatures can result in high changes in the degradation factor, as expected. From the plot
is clear that the battery operated in a peak-shaving mode has a high impact in reducing the
cable temperature and, as a consequence, to increase the life of the cable. The effect of
the real batteries on the aging fall in between the baseline case and the operation of ideal
batteries with perfect knowledge on the future. The results on the total monitoring period are
reported in table [§ as normalized averages of the acceleration factor. The first column report
the relative improvement of lifespan over the base case, considering all the monitoring period.
The second column consider just the periods for which the cable’s temperature was above the
reference operating temperature, which is the temperature for which the standard life of the
cable is computed, and under which no life shortening can be considered, which in this case
was fixed to 15 °C. The difference in terms of degradation between the ideal case and the
ideal case with ramp constraints is negligible, while under the operation of the real battery the
degradation reduction is roughly 62% the one of the ideal cases, when considering the filtered
period using the reference temperature.

In figure 4 we reproduced the results from (7). The figure shows on the left the relation between
the load factor of the trafo, 3 and the hot spot temperature computed by using equation (@),
with a fixed ambient air of 30 °C. On the right plot the Arrhenius law for the aging factor is
plotted in logarithmic scale. It can be notice how a small change in the load factor results
in a sensitive change in the fransformer’s life; this is a more severe relationship w.r.t. the one
occurring between the total power in the cable and its aging factor. This is mainly due to
the different exponent in the Arrhenius law used to model the aging of the cable’s insulation
and the oil insulated transformer. The corresponding values used can be found in table 3] and
respectively. The increase effect in degradation can be seen comparing the last two rows
of figure [§land [T} the ratio between the degradation and operational temperature is clearly
higher for the transformer. The results over the considered period are reported in table[4] When
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Figure 1: Example of time series for the computation of cable degradation. Top: instantaneous
power for the PCC cable. Middle: corresponding cable temperature computed using equa-
tion (@). Bottom: degradation factor for the 4 considered cases, computed using equation ()

considering the whole period, the average reduction in degradation is very high, going from
87% for the ideal battery to 52% for the pilot. However, a more realistic life increase can be
computed when taking into account only the periods in which the operational femperature of

the hot-spot goes above the reference temperature. In this case the average reduction in the
degradationis 1.5 % for the ideal cases and 1% for the pilot.

relative improvement relative improvement over T ref

ideal 0.0659 0.08
ideal_ramp 0.0657 0.08
pilot 0.0394 0.05

Table 3: Reduction of cable degradation



10?
140

10!
120

10°

6s [°C]
aging factor [-]

80

-2
60 10

40 107
0.0 0.5 1.0 0.0 0.5 1.0
load factor, B [-] load factor, B [-]

Figure 2: Hot-spot femperature and aging factor computed using equation (@ and (12) as a
function of load factor, using the parameters of table [2land a reference ambient temperature
of 30 °C.

relative improvement relative improvement over T ref

ideal 0.870 0.015
ideal_ramp 0.869 0.015
pilot 0.528 0.01

Table 4: Reduction of transformer degradation

4 Cost estimation

4.1 Degradation

We can use the estimation over cables and transformer degradation reduction from table [3]
and 4 to infer a fotal cost reduction induced by the battery operations. Considering a similar
effect over the operating temperatures for all the lifespan of the cables and transformer, we
can estimate an increase of lifespan in the range of 5-8% for the cables and 1-1.5% for the
tfransformer. The cost for the labour and the three-phase copper cables was based on a con-
sultation with AEM DSO, while the cost of transformers is based on the standard costs provided
by the "Association des entreprises" électriques suisses AES + swisselectric" (2008) and the costs
reported in (@). A realistic estimation of the main cables of the considered grid (including in-
stallation costs) is about 50k CHF (20 kCHF cables and 30 kCHF installation), while the cost for
the 250 kVA transformer can be estimated around 16 kCHF with 50 kCHF of installation costs.
It is reasonable to consider just the material costs for both. Under these assumptions, we can
estimate a cost reduction between 1.16 kCHF and 9.1 KCHF, if considering degradation to start
after the reference operating temperatures or degradation under all conditions, respectively.

4.2 Peak reduction

Performing peak shaving also reduces the costs due to the power peak tariff. This tariff is usu-
ally computed on the monthly maximum on a 15 minute basis. It is extremely challenging to
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Figure 3: Example of time series for the computation of transformer degradation. Top: load
factor. Middle: corresponding hot-spot winding temperature computed using equation ().
Bottom: degradation factor for the 4 considered cases, computed using equation (T2)

optimize for this kind of tariff, since it is not possible to precisely forecast in advance when the
monthly maximum consumption will be. In this sense, our optimization algorithm is only an heuris-
tic for the reduction of monthly peak costs. We can however assess the monthly peak reduction
for the controlled month and compare it with a perfect controller with perfect forecasts. As-
suming a peak tariff of 6.96 CHF/kW/month, the cost reduction for the ideal and the actually
controlled battery are reported in table [f] We can see how the real battery achieved less
than 10% of the cost reduction achievable with the perfect knowledge of the monthly peak.
A better performance could be possibly be achieved with a stochastic controller; however the
use of a stochastic formulation in a multilevel setting is not straightforward. We further explore
the performances achievable with a deterministic control by simulating n control system in par-
allel. Starting from the measurements from the pilot, with and without the battery operations,
we sampled 30000 days for n parallel and identical systems. We then computed the average
monthly relative reduction on the monthly maximum power at the PCC for 1000 months. The
idea behind it is that, if prediction and control errors of n different systems are not correlated,
they will achieve better performances, w.r.t. a single one, in the reduction of the monthly peak
by means of statistical smoothing. The results are shown in figure [ The results show that the
relative peak reduction starting at around 4% can be reduced by 10% in the case of 5 parallel
systems. The peak reduction than reached a plateau at around 14%. Even if this is an optimistic
estimation, since in reality forecasting and controller errors won’t be uncorrelated, it gives an
idea of the performance increase for a group of deterministic controllers performing local peak
shaving.



| case | cost reduction CHF |

ideal 441.68
pilot 37.44

Table 5: Monthly peak costs reduction, in CHF

4.3 Reactive power control

Reactive power control can be used to reduce losses by confrolling the ratfio of reactive over
active power. Although this is a viable and effective strategy to reduce the cost of thermal
losses, this option wasn’t explored since the controlled batteries didn’t have the possibility to
accept reactive power set-points.
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Figure 4. Relative peak reduction considering n independent systems located in n parallel grids.
This is the best case result in which the errors of each system can be considered as independent.

5 Discussion

In this deliverable we estimated the cost reduction that can be associated to having operated
a battery with a peak shaving objective. The main considered cost reduction is associated to
a reduction in the estimated cable and fransformer degradation, which has been compared
to the cost of replacement/refurbishment of such components. The second term is related to
the reduction of the cost associated to the power peak tariff. For the first estimation we must
consider that the aging acceleration factor laws strongly depend on the estimated temper-
ature of the components, and that the thermal characteristics of the modeled components
weren’t fully available at the time of the estimation. Concerning the estimation of power peak
tariff, as previously said, this is strongly dependent on the performance of the used forecaster
in a given month. In order to better estimate a general performance of the adopted method,
we have compared it with a perfect controller and generalized the peak reduction capability
to a system of n identical components, using a randomized approach.
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