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Design study for autonomous electrified
agricultural machine



 higher working precision
-> saves fertilizer and chemical plant protection products can even
be done mechanically

 automation of agricultural production possible

 silent operation -> operations 24 hours per day

 higher efficiency, higher power

 abundant potential for renewable electric energy generation can
be used on site

 synergy between PV generation and agricultural machine operation
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Motivation for electrifying
agricultural machines



1. on-board battery

-> only for small machines, mainly cattle breeding

2. connection to grid via 1-5 km long cable

-> even higher power possible than with diesel engines, for cultivation
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Two ways of electrification
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Model topology „scenario 1“ of
cable-powered agricultural machine
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1. Non-normalised load and generation profiles
input via csv-file

2. Calculation done with various versions of
GridCon_storage.py, initially based on
storage_investment.py

3. Results transferredto csv-file
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Calculation process

“Black box” oemof

“Experimental set-up
for observing what
oemof is doing



 law of conservation of energy observed ?

 restrictions observed: SOC between 10% and 90%, etc. ?

 results reflect fixed parameters: efficiencies, max charging power, …?

 load and generation profiles not modified by oemof ?

 results reasonable/ potentially an optimum solution ?

 energy storage not charged and discharged in the same time-step ?
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Check and analysis of results in excel

We did not yet really trust in
oemof in the beginning … … but in the end we

were convinced .



Load and generation profiles -> csv -> oemof
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# import load and generation data from csv-file and define timesteps

def optimise_storage_size(filename="GridCon1_Profile.csv",
solver='cbc', debug=True, number_timesteps= (96*366),
tee_switch=True):

# the file "GridCon1_Profile" contains the normalised profile for the
# agricultural base load profile L2, a synthetic electrified agricultural
# machine load profile, and the PV generation profile ES0;
# number_timesteps: one timestep has a duration of 15 minutes,
# hence, 96 is the number of timesteps per day;
# 366 is the number of days in a leap year, chosen here because
# standard load profils of 2016 are used;
# the total number of timesteps is therefore 96*366 = 35136;

lines 39-52



Output of results from oemof -> csv -> excel
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def create_csv(energysystem):

results = outputlib.ResultsDataFrame(energy_system=energysystem)
results.bus_balance_to_csv(bus_labels=['b_el_lv'],

output_path='results_as_csv_LV_Net')

• flows on low-voltage bus are sufficient for full analysis
• results are checked and analysed, and plots are generated in excel

lines 552-556



… total annual costs of energy system’s

infrastructure and related electricity losses

= annuity of grid and energy storage system

+ fixed annual costs (2 % of initial investment costs)

+ variable annual costs (energy lost by grid transmission, storage or
curtailment of PV generation, value set at 0.065 €/kWh)

- income generated by primary reserve provision
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oemof minimises ….



Specific annual fixed grid and storage costs
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grid energy storage

specific investment costs 500 €/kW specific investment costs 300 €/kWh

annual cost decrease - - annual cost decrease 10% 1/a

financial l ife time 50 a financial life time 5 a

financial period considered 50 a financial period considered 50 a

number of investments 1 number of investments 10

weighted average cost of capital 5.0% weighted average cost of capital 5.0%

annuity 27.39 €/kW annuity 30.57 €/kWh

fixed operational costs 10.00 €/kW fixed operational costs 6.00 €/kWh

fixed annual costs 37.39 €/kW fixed annual costs 36.57 €/kWh



Definition of grid investment costs
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n = 50
…
invest_grid = 500
…
wacc = 0.05
…
u_grid = 50
…
cost_decrease_grid = 0
…
oc_rate_grid = 0.02
…
oc_grid = oc_rate_grid * invest_grid
…
sepc_grid = economics_BAUM.epc(invest_grid, n, u_grid, wacc, cost_decrease_grid, oc_grid)

lines 79-105, 116-156



Definition of storage investment costs
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u_el_lv_1_storage = 5
#…
cost_decrease_el_lv_1_storage = 0.1
#…
oc_rate_el_lv_1_storage = 0.02
#…
oc_el_lv_1_storage = oc_rate_el_lv_1_storage * invest_el_lv_1_storage
#…
sepc_el_lv_1_storage = economics_BAUM.epc(invest_el_lv_1_storage, n,
u_el_lv_1_storage, wacc, cost_decrease_el_lv_1_storage, oc_el_lv_1_storage)
#…
kS_el = sepc_el_lv_1_storage
#…

lines 158-192

+ definition of n and wacc



Taking income from primary reserve
provision into account
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prl_on = 1
#…
prl_weeks = 13
#…
prl_income = 2.4 * prl_on * prl_weeks
#…
sepc_el_lv_1_storage = sepc_el_lv_1_storage - prl_income
#…
kS_el_netto = sepc_el_lv_1_storage
#…

lines 194-218
2.4 * 1 * 13 = 31.2

income from primary balancing power
provision:
13 weeks * 3,000 €/week/MW -> 31.2 €/kWh

refers to nominal capacity of energy storage

if this becomes negative, no solution
can be found with oemof 0.1
-> limits number of weeks of PR and
values of wacc that can be considered



Definition of transformer(s)

oemofuser meeting,8 May 2018 – M. Stöhr, B. Hackenberg 16

#…
grid_loss_rate = 0.0685
#…
grid_eff = 1 - grid_loss_rate
#…
transformer_mv_to_lv = solph.LinearTransformer(label="transformer_mv_to_lv",

inputs={b_el_mv: solph.Flow(variable_costs = (grid_loss_rate *cost_electricity_losses))},
outputs={b_el_lv: solph.Flow(investment=solph.Investment(ep_costs=0.5 * sepc_grid))},
conversion_factors={b_el_lv: grid_eff})

#…
transformer_lv_to_mv = solph.LinearTransformer(label="transformer_lv_to_mv",

inputs={b_el_lv: solph.Flow(investment = solph.Investment(ep_costs = 0.5 * sepc_grid))},
outputs={b_el_mv: solph.Flow(variable_costs =
(cost_electricity_losses*grid_loss_rate/grid_eff))},

conversion_factors = {b_el_mv: grid_eff})
#…

lines 322-399

6.85% of electricity of
residual generation is lost

6.85%/(1-6.85%) of locally
generated electricity
arriving at residual
consumer is lost

ratio of flows is 1-6.85%

2 transformer objects represent
1 physical transformer + up-stream grid !



Ensuring equal size of two
transformer objects

oemofuser meeting,8 May 2018 – M. Stöhr, B. Hackenberg 17

def connect_invest_rule(m):
expr = (om.InvestmentFlow.invest[b_el_lv, transformer_lv_to_mv] ==

om.InvestmentFlow.invest[transformer_mv_to_lv, b_el_lv])
return expr

my_block.invest_connect_constr = environ.Constraint(
rule=connect_invest_rule)

om.add_component('ConnectInvest', my_block)

#…

lines 461-474

Without these code lines,
effectively oemof delivers two
objects with different size !



Definition of energy storage
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# …
icf = 0.95

ocf = 0.95
# …
el_storage_conversion_factor = icf * ocf
# …
solph.Storage(label='el_lv_1_storage',

inputs={b_el_lv: solph.Flow(variable_costs = cost_electricity_losses
*(1-el_storage_conversion_factor))}, outputs={b_el_lv: solph.Flow()},
capacity_min = 0.1, capacity_max = 0.9, nominal_input_capacity_ratio = 1,
nominal_output_capacity_ratio = 1, inflow_conversion_factor = icf,
outflow_conversion_factor = ocf, capacity_loss = 0.0000025,
investment=solph.Investment(ep_costs = sepc_el_lv_1_storage))

# …

lines 400-446
> 95% * 95% of energy input
is lost .
Self-discharge is not linked to
a flow and cannot be
considered in variable costs !



Definition of PV generator (source)
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solph.Source(label='el_lv_7_pv', outputs={b_el_lv:
solph.Flow(actual_value=data['pv'], nominal_value = 1, fixed=True)})

# represents aggregated pv power plants in investigated area which are looked
# at as a single source of energy;
# "outputs={b_el_lv: ...}" defines that this source is connected to the
# low voltage grid;
# "solph.Flow ..." defines properties of this connection: actual_value get
# the pv generation data for all time intervals from csv-file;
# "nominal_value = 1" signifies that pv generation data do …
# processing, they are already absolute figures in kW;
# "fixed=True" signifies that these data are not modified by ….

ensures right position in output file input data represent average power in
time-step in kW; they are not normalised.

selects correct
data from
input csv-file:

timestep,demand_el,pv,machine_load

1,69.772,0,0

2,67.18,0,0

3,65.384,0,0

4,64.092,0,0

5,63.292,0,0

lines 247-258



Definition of curtailment (sink)
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cost_electricity_losses = 6.5E-2

# ….

curtailment = solph.Sink(label='el_lv_4_excess_sink', inputs={b_el_lv:
solph.Flow(variable_costs = cost_electricity_losses)})

# ….

…..

print('Costs of curtailment: ', sum(energysystem.results[b_el_lv]
[curtailment]) * cost_electricity_losses * time_step, '€')

defines cost of electricity losses in €/kWh

Specific variable costs in €/kWh indicated.
Physical units are ok: [kW] * [€/kWh] * [h] = [€]
Comparison with results in excel confirms figures.

lines 302-308

lines 310-320

lines 329-330



Definition of back-up generator (source)
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solph.Source(label='el_lv_6_grid_excess', outputs={b_el_lv: solph.Flow(
variable_costs = 100000000)})

# dummy producer of electric energy connected to low voltage grid;
# introduced to ensure energy balance in case no other solution is found;
# extremely high variable costs ensure that source is normally not used;

lines 260-265

allows solver running also through
senseless solutions on the way to
finding the optimum



No need for a back-up sink …
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…. this job is done by
the curtailment sink.



solph.Sink(label='el_lv_2_base_load', inputs={b_el_lv:
solph.Flow(actual_value=data['demand_el'], nominal_value= 1, fixed=True)})

# represents base load in low voltage (lv) electric grid;
# "inputs={b_el_lv: ...}" defines that this sink is connected to the
# low-voltage electric grid;
# "solph.Flow ..." defines properties of this connection: actual_value
# gets the base load data for all time intervals from csv-file;
# "nominal_value = 1" signifies that base load data do not …
# processing, they are already absolute figures in kW;
# "fixed=True" signifies that these data are not modified by …

Definition of base load (sink)

oemofuser meeting,8 May 2018 – M. Stöhr, B. Hackenberg 23

ensures right position in output file input data represent average power in
time-step in kW; they are not normalised.

selects correct
data from
input csv-file:

timestep,demand_el,pv,machine_load

1,69.772,0,0

2,67.18,0,0

3,65.384,0,0

4,64.092,0,0

5,63.292,0,0

lines 276-286
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solph.Sink(label='el_lv_3_machine_load', inputs={b_el_lv:
solph.Flow(actual_value=data['machine_load'], nominal_value= 1, fixed=True)})

# represents electrified agricultural machine connected to lv-grid;
# "inputs={b_el_lv: ...}" defines that this sink is connected to the
# low voltage electric grid;
# "solph.Flow ..." defines properties of this connection: actual_value
# gets the electrified agricultural machine load data for all time
# intervals from csv-file;
# "nominal_value = 1" signifies that base load data do not …
# processing, they are already absolute figures in kW;
# "fixed=True" signifies that these data are not modified by …

Definition of machine load (sink)
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ensures right position in output file input data represent average power in
time-step in kW; they are not normalised.

selects correct
data from
input csv-file:

timestep,demand_el,pv,machine_load

1,69.772,0,0

2,67.18,0,0

3,65.384,0,0

4,64.092,0,0

5,63.292,0,0

lines 288-300
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Definition of “unlimited”
residual generator (source)
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solph.Source(label='mv_source', outputs={b_el_mv: solph.Flow()})

# represents aggregated electric generators at a far point in the up-stream
# grid; here, no limit is considered for this source;

lines 242-245

Flow is a
result of
optimisation
process.



Definition of “unlimited”
residual consumer (source)
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solph.Sink(label='el_mv_sink', inputs={b_el_mv: solph.Flow()})

# represents aggregated consumers at a far point in the up-stream grid;
# here, it is assumed that no limit exists for this sink;

lines 271-274

Flow is a
result of
optimisation
process.



1. Base electric energy demand in rural local grid (MWh/yr)

2. PV saturation rate: factor by which a grid connection just
meeting the peak base load needs to be reinforcedto allow for
complete feed-in of PV electricity not consumed locally (e.g.
234% correspondsto 100% net PV supply of local base load)
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Parameters characterising different situations

Parameter values are entered via load and generation profiles in csv input file.
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without agricultural machine with agricultural machine

Energy storage capacity



oemofuser meeting,8 May 2018 – M. Stöhr, B. Hackenberg 31

Transmission capacity of up-stream grid

without agricultural machine with agricultural machine
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1) If the stationary energy storage is used for primary reserve (PR) provision for
at least 10 weeks per year, its use is always cost-effective, with and without a
cable-led agricultural machine.

2) Operating a cable-led agricultural machine in small and medium-size local
grids usually requires a grid reinforcement.

3) The optimum size of the optimum stationary energy storage very sensibly
depends on the income from secondary use such as PR, and on the weighted
average cost of capital (wacc).
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Summary of results
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A closer look on economics_BAUM.py
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Is hard, but worth to go through it
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oemofuser meeting,8 May 2018 – M. Stöhr, B. Hackenberg

Is hard, but worth to go through it
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Is hard, but worth to go through it
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Financial support


