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Objective:

Replace steady-state assumption of current models with a distribution function that has
within each time step a maximum value, a minimum value, and a shape to the distribution.

Accomplishments:
« Derivation of distribution function and
: U.S. Department of Energy SunShot
scalar integrals Technoﬂ')gy Commercialization Team:

« Comparison to high-resolution time-series v Andv Walker Ph.D.. PE Fellow. ASME Seni
-mi n alker. Ph.D., ellow, enior
data (1-minute data) Research Fellow, Energy Systems Integration

« Demonstration on an example 1.1-MW

j j - v Jal Desai, National Renewable Ener
Bhgtovoltalc (PV) system in Washington,  aboratory gy
- Commercialization in HOMER software v Brian McDonald, HOMER Energy LLC
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Different Interpretations of Capacity Factor (CF)

CF = actual energy in time-step/maximum energy in time step
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Derivation of Distribution Function Form

e Cumulative distribution function:

Psolar — Psolar,min = (Psolar,max _Psolar,min) v (1 D (t/T)n)

T is the time step duration; the index t is a percentage of the total
time step duration without regard to the time-series order in which
the values occur.
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e
Derivation of Distribution Function Form

+ For the purposes of integration-by-parts, redefine the capacity factor to accommodate a nonzero P, in-

_ (Psolar,average N~ Psolar,min)

CF =

(Psolar,max il Psolar,min)
T
Psolar,minT + (Psolar,max o Psolar,min)T CF = Psolar,averageT = j Psolardt
0

dt

- Dividing through by the time interval T gives: Py,ar min + (Psolarmax — Psolar,min) CF = fOT Psotar,ac

» Substitution of the equation for the distribution function ilgto this equation gives:

T dt
(Psolar,max - l)solar,min) CF = f (Psolar,max_Psolar,min) > (1 if (t/T)n) T
0

tin+1
+ The integral is evaluated between the limits of t/T=0 and t/T=1. Evaluation of the integral gives: CF = %— (Tn)T + constant]
- Evaluating the integral at its upper limits: CF=1-—
« Solving for n, we find the expression of the value of n that satisfies the first law of thermodynamics: n = ﬁ —1= %
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e
Form of Distribution Function
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Comparison to High-Resolution Time-Series Data (1 min)
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Ic,maximum from “"Clear Sky Model” (Reno et al., 2012)

Meinel and Meinel clear-sky model

Quillayute WA Athens GA Daggett CA |, direct.normal,maximum =1366(0.76*(AM”0.618))
AM=MIN(38,1/SIN(a))
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Minimum Solar Resource

Ic,minimum
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Scalar Integrals of Energy Quantities within Time Step

solar, maximum,

&Energ\r “Clipped”

Pinver‘ter, AC—

Energy in excess of inverter capacity (kW,
also called “clipped energy”), energy in
excess of load (kW), or in excess of any
other threshold, are calculated by
integration (as areas under the curve).

Energy to Utility

Energy from
Utility

I-"Ir::ac:l

Power (kW), normalized

The fraction of the time step when the
power from the generator exceeds the load
IS ¢,

Fraction of time-step T
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Integration by Parts for Any Threshold Value, L

Integration is fperformed by parts, from 0<t< t,, and from t,, <t< 1.0. The fraction t, is
the fraction of the time step when P, exceeds the value LTthe power load or any

threshold to be evaluated).

tlm :
L = Psolar — Psolar,min + (Psolar,max o Psolar,min )(1 o (T)

n
(tlm) - - L — Psolar,min
T (Psolar,max_Psolar,min )
t L-P -
n lnﬂ — ln(l - solar,min )
T (Psolar,max_Psolar,min )

t,, is the fraction of the time step T wheT theL power level P, exceeds the threshold
value L.

L_Psolar,min

In(1—-
( (Psolar,max_Psolar,min )

tlm = Te n

L aat N W
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e
Scalar Integral Above Value of L: Energy to Utility

E,, stands fotr “energy to utility.”
= Im

Eww = f (Psolar = L)dt
0

tIm t n
Etu : f ({Psolar,min‘l'(Psolar,max e Psolar,min) (1 o (T) )} r L) dt
0

tim t n
Ew = j <{Psolar,max_(Psolar,max . Psolar,min ) (_) Jéu L) dt
0

T
E
iy (Psolar max_Psolar min ) t(n+1) Um
N [Psolar,maﬁ LS ' B 15Tn Ll Constant]
0
i (Psolar,max_Psolar,min )tlm(n+1)
Ewy = Psolar,maxtlm = (n+ 1T" — Lty
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e
Scalar Integral Below Value of L: Energy from Utility

 E;, stands for “energy from utility.”
T
* Epy = ftlm(L — Psorar)dt

T n
— ftlm (L o PSolar,min I (Psolar,max B Psolar,min) (1 _ (%) )) dt

° Efu = tlm((L Psolar max) + (Psolar max Psolar mln)( ) )dt

([ ]
[T}
=
|

(Psolar max_Psolar min)t(n+1) T
* Efy = (L — Peolar max)t + : : + constant
’ (n+1)T" t
‘ (n+1) I
(Psolar,max_Psolar,min)T
* Efy = (L _ Psolar,max)T - =3 (L at Psolar,max)tlm N

(TSN N
1
(Psolar,max_Psolar,min)tlm D

(n+1)TH
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Scalar Integrals Evaluated for Each Time Step in Time-Series
Simulation

Power Power Power
(kw) (kw) (kw)
Pso_lglr,m A I:)solar, AC
______ Pload. — =LA R o=
_ I:):;olar AC
1 I_IV h_‘ 1 I I s T s B B L B B
dt Time dt Time dt Time
(hours) (hours) (hours)
(a) Power level (b) Fraction of dt  (c) Distribution
varies for fixed dt varies for fixed based on kWh
power level for the hour
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Demonstration of Prototype Simulation (see MSExcel)

Rooftop PV system in Washington, D.C.:
« 1,176-kW PV

* 960-kW inverter

« 800-kW load.

OLD WAY: |NEW WAY:
Results Steady- Distribution |%

State Function Difference
Total PV energy (kWh/year) 1,789,062 |[1,789,062 0.0%
PV energy “clipped" (kWh/year) |8,888 11,323 27.4%
PV energy to utility (kWh/year) |65,902 87,343 32.5%
PV energy used on-site |
(kWh/year) 1,714,272 1,690,396 -1.4%
Energy from utility (kWh/year) 9,293,728 15,317,604 0.5%
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Commercialization in HOMER

Hybrid
Optimization of
Multiple Energy
Resources
(HOMER)
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HOMER Results for Sample Problem

Rooftop PV system in Washington, D.C.:

1,176-kW PV
960-kW inverter
800-kW load.
NEW
Results OLD HOMER:
HOMER: Distribution | %
Steady-State | Function Difference
Total PV energy (kWh/year) 1,756,407 1,756,407 0.0%
PV energy “clipped" (kWh/year) 7,464 9,573 28.3%
PV energy to utility (kWh)year) 60,413 88,091 45.8%
PV energy Used on-site (kWh/year) 1,688,530 1,658,743 -1.8%
Energy from utility (kWh/year) 9,319,470 5,349,257 0.6%
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e
Significance and Impact

« Same estimate of total DC generation potential
« Improved estimates of phenomenon of interest to grid integration:
*Clipping by:
Limited inverter capacity
*Transformer capacity
*AC interconnection (line) capacity
Contractual/regulatory (curtailment)
Sell-back of power exported to utility
-Battery systems:
‘Maximum charge rate

Total throughput (in and out within a time step).
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New Distribution Function Replaces Steady-State
Assumption in Time-Series Simulation

1200
Objective: Replace steady-state assumption of current models with a £ 1000
distribution function that has within each time step a maximum value, a £ GHI on Oahu, Hi
. . s - S 800 January 1, 2011
minimum value, and a shape to the distribution. E Lminute intervals
4 seo00
Accomplishments include: =
400
. - . ) . : =
Derivation of distribution function and scalar integrals 5 e M/V
g >
Validation by comparison to 1-minute data =
Demonstration on an example 1.1-MW PV system in Washington, D.C.
Distribution £ 00— — % s ~——— Fmin Messred
1.1 MW PV SYStem Steady-State | Function | % U0 TR DT b Se0 S oo Distribution
Simulation Simulation | difference %jﬁz e § o0 ) Function
Total PV Energy (KWh/year) 1,664,249 1,664,249 0.0% :; 100 ) _:l:;::w % zoz ‘ S, — - Steady-State
PV Energy "Clipped" (kWh/year) 6,293 30,085 378.1% e o 0e o, T8 0 oy o5 oy Seriesd
PV Energy Sell-back to Utility (kWh/year) | 45,790 75,718 65.4% o4 T . Sarluss
PV Energy Used On-site (kWhiyear) 1,612,167 1,558,446 | -3.3% 510081000 5:m. /1/11 1100am. 1200 pim. 1/1/11
Energy from U‘hhty (kWh,’year) 5,395,833 5,449,554 1.0% RMSE error distribution = 1.3%; RMSE error steady-state = 15.2%. RMSE error distribution = 10.2%; RMSE error steady-state = 46.5%

Significance and impact:

While providing the same estimate of DC generation, this improved
approach improves estimates of phenomenon of interest to grid
integration, such as inverter clipping and sell-back to the utility.
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.
Future Work Includes:

—=_Validation of the method by comparison with actual system performance data

Investigation of parametric and sensitivity analysis (for example, quantifying inverter clipping over a
range of DC/AC ratios and climates; or studying the impacts of the distribution-function approach on
optimal component sizing)

Further investigation into the best selection of inputs such as I _.ium direct @NA I 1aximum diffuse

Also representing other quantities as distributions within the time step, such as the site load, and
using the superposition of two distribution functions to calculate energy used on-site versus exported
(The current implementation assumes that steady-state load is constant over each time step.)

Representing the inverter efficiency as a smooth and continuous function and including it in the
calculation of the scalar integrals for energy quantities (The current implementation assumes that
inverter efficiency is constant over each time step.)

Commercialization of Fhis distribution-function method in other software products used to model PV
system performance.

Consideration of the distribution-function method for other variable-output generators such as wind
turbines.
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