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∑ �̇�𝑤𝑎𝑡𝑒𝑟𝑔 ∙ 𝐻1

𝑖𝑛

+ ∑ �̇�𝑝𝑖𝑠𝑡𝑜𝑛

𝑖𝑛

= ∑ �̇�𝑤𝑎𝑡𝑒𝑟𝑔 ∙ 𝐻2

𝑜𝑢𝑡

+ �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + �̇�𝑙𝑜𝑠𝑠𝑒𝑠



    

𝑃1 = 𝜌𝑤𝑎𝑡𝑒𝑟𝑔Δ𝑧
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C.1.1 SHAPE MAIN CONTAINER  
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 𝜇𝑙𝑜𝑐𝑎𝑙 = 0.95

 𝜇𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 0.98

     

𝜇𝑠𝑦𝑠𝑡𝑒𝑚 = 0.61 ∙ 0.95 ∙ 0.98 ≈ 0.57



𝜇𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝜇𝑝𝑢𝑚𝑝/𝑡𝑢𝑟𝑏𝑖𝑛𝑒
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F.1.1 LIMIT STATES & LOAD FACTORS 

 

 

 



 

 



              




  
   





     
          

    
 

      

   


  



 

 




 𝑞𝑢𝑙

 𝑞𝑠𝑢𝑏𝑠𝑜𝑖𝑙

 𝛾[3]

F.3.2 LOAD ON THE SUBSOIL 𝒒𝒔𝒖𝒃𝒔𝒐𝒊𝒍 

  
    



 

F.3.3 CAPACITY SUBSOIL 𝒒𝒖𝒍𝒕 

          

 𝑐 [0 𝑘𝑃𝑎]

 𝑁𝑥 35°

o 𝑁𝑐 = 46.124
o 𝑁𝑞 = 33.296
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𝐿
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𝐿
= 0.7 

 𝐵

 𝐿

 𝛾 21
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F.3.4 BEARING CAPACITY CHECK 

               
 

 



 

 

G.1.1 MATERIAL PROPERTIES 
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G.2.2 DESIGN METHODOLOGY 
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G.2.3 DESIGN CALCULATION (WALL) 
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G.2.4 DESIGN CALCULATION (FOUNDATION) 
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G.3.5 DESIGN METHODOLOGY 
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G.3.6 DESIGN CALCULATION 

 𝑉𝑒𝑑 ≤ 𝑉𝑟𝑑,𝑐
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G.5.7 LOADS 
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G.6.8 DIAMETER PIPE 
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G.6.9 THICKNESS PIPE 
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H.1.1 PRESSURE PARAMETER 

H.1.2 TEMPERATURE PARAMETER 

H.1.3 SPEED PARAMETER 



H.1.4 SURFACE FINISH PARAMETER 

 𝑅𝑎

𝑅𝑚𝑎𝑥  



 

 

 

 

 

I.2.1 FOUNDATION 

  

   

       



     

I.2.2 CYLINDRICAL WALL 

  

    

        

              



I.2.3 ROOF 

      

           

 



I.2.4 RETURN PIPE 

 


        

I.2.5 THE PISTON 

      

 

I.3.6 PUMP/TURBINE 

  



I.3.7 GENERATOR 
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J.1.1 ENERGY FUNCTION 
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J.1.2 MATERIAL COST FUNCTION 

     

   

 
 

          
 
 



 

  
  

          
  

  





   

 
 

        
 
 

    

                     

     





 

 

K.1.1 BENDING MOMENT 
%% bending moment wall thickness/reinforcement 

clear; 

clc; 

Mxx=[5E9:1E5:20E9]'; 

fyd=435; 

b=1000; 

%% hw = 800 mm 

hw = 800; 

  

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho8=100*As/(hw*b); 

  

%% hw = 1000 mm; 

hw = 1000; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho10=100*As/(hw*b); 

%% hw = 1200 mm; 

hw = 1200; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho12=100*As/(hw*b); 

%% hw = 1400 mm; 

hw = 1400; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho14=100*As/(hw*b); 

%% hw = 1600 mm; 

hw = 1600; 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho16=100*As/(hw*b); 

%% hw = 1800 mm; 

hw = 1800 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho18=100*As/(hw*b); 

  

  

%% hw = 2000 mm; 

hw = 2000 

F=Mxx/(0.75*hw); 

As=F/fyd; 

rho20=100*As/(hw*b); 

%% 

rho=[rho8 rho10 rho12 rho14 rho16 rho18 rho20]; 

  

plot(Mxx/1E6,rho); grid; 

xlabel('Bending moment Mxx [kNm]','FontSize',13); 

ylabel('\rho [%]','FontSize',13); 

h_legend=legend('hw=800 mm','hw=1000 mm', 'hw=1200 mm','hw=1400 mm','hw=1600 mm','hw=1800 mm','hw=2000 mm'); 

set(h_legend,'FontSize',13); 

set(gca,'XTick',[5E3:1E3:20E3]) 



K.1.2 SHEAR FORCE RESISTANCE CONCRETE 
%% 

%*shear force  STRUTTZ* 

clear; 

clc; 

  

d(:,1)=[1:20000]; 

% parameters 

fck = 50;  

bw = 1000; 

  

%% rho =0.01 

rho=0.01; 

k1=1+(sqrt(200./d)); 

Vrdc1=0.12.*k1*(100*rho*fck)^(1/3)*bw.*d; 

  

%% rho =0.02 

rho=0.02; 

k2=1+(sqrt(200./d)); 

Vrdc2(:,1)=0.12.*k2*(100*rho*fck)^(1/3)*bw.*d; 

  

%% plots 

Vrdc=[Vrdc1 Vrdc2]; 

plot(Vrdc/1E3,d/1E3); grid 

xlabel('Shear Resistance V_r_d_,_c 

[kN]','FontSize',13); 

ylabel('d [m]','FontSize',13); 

h_legend=legend('\rho=1%','\rho=2%'); 

set(h_legend,'FontSize',13); 



K.1.3 SHEAR FORCE VS. COT THETA 
%% 

%*shear force  STRUTTZ* 

clear; 

clc; 

  

vEd(:,1)=[4E6:1E4:16E6]; 

  

fck = 50;  

b = 1000;  

  

%% d=1000 

  

d=1000; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g0=0.5*asin(x); 

b0=cot(g0); 

  

%% d=1200 

d=1200; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g2=0.5*asin(x); 

b2=cot(g2); 

  

%% d=1400 

d=1400; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g4=0.5*asin(x); 

b4=cot(g4); 

  

%% d=1600 

d=1600; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g6=0.5*asin(x); 

b6=cot(g6); 

  

%% d=1800 

d=1800; 

  

ved = (vEd./(b*d)); 

  

x=ved/(0.2*fck*(1-(1/250)*fck)); 

  

g6=0.5*asin(x); 

b8=cot(g6); 

%% 

  

b=[b0 b2 b4 b6 b8] 

  

plot(vEd(:,1)/1E3,b); grid 

xlabel('Shear Force V_e_d [kN]','FontSize',13); 

ylabel('cot(\theta) [-]','FontSize',13); 

h_legend=legend('d=1000 mm', 'd=1200 mm','d=1400 mm','d=1600 mm','d=1800 mm'); 

set(h_legend,'FontSize',13); 

set(gca,'XTick',[4E3:1E3:20E3]) 



K.1.4 COST OPTIMIZATION 

 

Function file 
function europkwh = europerkwh(D,h,rho_piston,piston_price) 

%% energy function 

rho_water=1000; 

g=9.81; 

mu=0.57; 

jtokwh=3.6E6; 

pvj=365*50;     %totale kwh in 50 jaar 

kwh=((((1/16).*(rho_piston-rho_water).*mu.*D.^2*pi*g.*h.^2))./jtokwh).*pvj; %.*pvj 

%% the foundation 

n=0.99; %reinforcement ratio 

cost_concrete= 120; % cost per m3 

cost_formwork= 50;% in €/m3 

cost_reinforcement=6240; 

w_wallz=1;% wall width  

ftot_vol_concrete=(2+2*w_wallz+D).^3/10; 

ftot_vol_formwork=(2+2*w_wallz+D).^2+4*(1/10).*(2+2*w_wallz+D).*(2+2*w_wallz+D); 

costf=n.*cost_concrete*ftot_vol_concrete+(1-

n).*cost_reinforcement.*ftot_vol_concrete+cost_formwork.*ftot_vol_formwork; %total cost in euros 

%% wall 

% overview 

n_w=0.97; % reinforcement ratio 

cost_concrete= 120; % cost per m3 

cost_climbing_formwork= 450;% in €/m3 

cost_reinforcement=6240; 

w_wallz=1; % thickness of the wall (1 m) 

vol_wall=pi.*D*w_wallz.*h; 

form_wall=2*pi.*D*3.5+2*w_wallz*3.5+pi.*D*w_wallz; 

costw=(n_w).*vol_wall.*cost_concrete+(1-

n_w).*vol_wall.*cost_reinforcement+form_wall.*cost_climbing_formwork; 

%% pistons 

V_piston=(1/4)*pi*D.^2.*(h/2); % 

costp=V_piston*piston_price; 

%% Cost mechanical components 

RPT=3E6; 

  

%% europerkwh 

europkwh= (costf+costw+costp+RPT)./kwh 

 
 



Plot file 
 

%% In this file, the energy/kwh will be determined 

clear; 

clc; 

  

%% priston prices 

price_sand=4; 

price_concrete=120; 

price_ironore=535.5; 

price_leadore=6799;  

%% piston densities 

rho_sand=2100; 

rho_concrete=2500; 

rho_ironore=5100; 

rho_leadore=7600; 

   

 

%% Plot of D and h 2/1 

D=[30:100]'; 

h=[2*D]; 

  

% lead ore piston 

ppkwh_lead=europerkwh(D,h,rho_leadore,price_leadore); 

% iron 

ppkwh_iron=europerkwh(D,h,rho_ironore,price_ironore); 

% concrete 

ppkwh_concrete=europerkwh(D,h,rho_concrete,price_concrete); 

% concrete 

ppkwh_sand=europerkwh(D,h,rho_sand,price_sand);    

  

% subplot(2,1,1) 

% plot(h,ppkwh_lead,'b'); xlabel('Height h [m]','Fontsize',13);  

% ylabel('€ / kWh','Fontsize',13); title('Price Material vs height container (h=2\bulletD)','FontSize', 15); hold on 

% plot(h,ppkwh_iron,'r'); hold on 

% plot(h,ppkwh_concrete,'black'); hold on  

% plot(h,ppkwh_sand,'g'); hold on 

% plot([h(1) h(end)],[0.04 0.04], '-.m'); hold off 

% h_legend=legend('lead ore','Iron ore','Concrete','Sand','Target Value'); 

% set(h_legend,'FontSize',12);  

  

  

plot(h,ppkwh_sand,'g'); title('Price Material vs height container (h=2\bulletD)','FontSize', 15); hold on 

xlabel('Height h [m]','Fontsize',13);  

ylabel('€ / kWh','Fontsize',13); 

plot([h(1) h(end)],[0.04 0.04], '-.m');  

axes1=gca; 

set(axes1, 'XAxisLocation',  'bottom'); 

h_legend=legend('Sand','Target Value'); 

set(h_legend,'FontSize',12);  

hold off; 

  

  

%% Plot of D and h 3/1 

D=[20:100]'; 

h=[3*D]; 

  

% lead ore piston 

ppkwh_lead=europerkwh(D,h,rho_leadore,price_leadore); 

% iron 

ppkwh_iron=europerkwh(D,h,rho_ironore,price_ironore); 

% concrete 

ppkwh_concrete=europerkwh(D,h,rho_concrete,price_concrete); 

% concrete 

ppkwh_sand=europerkwh(D,h,rho_sand,price_sand);    

  

% subplot(2,1,2) 

% plot(h,ppkwh_lead,'b'); xlabel('Height h [m]','Fontsize',13);  

% ylabel('€ / kWh','Fontsize',13); title('Price Material vs height container (h=3\bulletD)','FontSize', 15); hold on 

% plot(h,ppkwh_iron,'r'); hold on 

% plot(h,ppkwh_concrete,'black'); hold on  

% plot(h,ppkwh_sand,'g'); hold on 

% plot([h(1) h(end)],[0.04 0.04], '-.m'); hold off 

% h_legend=legend('lead ore','Iron ore','Concrete','Sand','Target Value'); 

% set(h_legend,'FontSize',12);  

  

  

   

% subplot(2,1,2) 

% plot(h,ppkwh_sand,'g');  title('Price envelope sand piston vs Dimensions {D=h/3}','FontSize', 15); 

% xlabel('Height h [m]','Fontsize',13);  

% ylabel('€ / kWh','Fontsize',13); 

% axes1=gca; 

% set(axes1, 'XAxisLocation',  'bottom'); 

% hold off; 



 

K.2.5 PRELIMINARY DESIGN 
restart; with(plots); 

print(`output redirected...`); # input placeholder 

  

print(??); # input placeholder 

rho[piston] := 12250; rho[water] := 1000; E := 148500000000*(1/6); g := 9.81; mu := .57; 

print(`output redirected...`); # input placeholder 

  

  

print(`output redirected...`); # input placeholder 

  

  

h := proc (Dm) options operator, arrow; sqrt(E/(((1/16)*rho[piston]-(1/16)*rho[water])*g*mu*Pi*Dm^2)) end proc; 

print(`output redirected...`); # input placeholder 

  

  

  

y := proc (x) options operator, arrow; x*1.6 end proc; 

print(`output redirected...`); # input placeholder 

gg := plot(y, 0 .. 100, linestyle = dot, color = green); 

print(`output redirected...`); # input placeholder 

zz := plot(80, 0 .. 100, linestyle = dash, color = red); 

%; 

  

  

hh := plot(h, 0 .. 1000, view = [0 .. 100, 0 .. 100], labels = [Diameter*D, Height*h], color = blue, gridlines = 

true, labelfont = [Arial, roman, 14], labeldirections = [horizontal, vertical]); 

print(`output redirected...`); # input placeholder 

  

display(hh, gg, zz); 

%; 

  

  

  

evalf(h(50)); 

print(`output redirected...`); # input placeholder 

  

  

  

Buffering 

yearly := 1000*(4000*3600)*1.5; 

print(`output redirected...`); # input placeholder 

daily := (1/365)*yearly; daily2 := 2*daily; daily3 := 3*daily; 

print(`output redirected...`); # input placeholder 

weekly := 7*daily; 

print(`output redirected...`); # input placeholder 

monthly := 4*weekly; 

print(`output redirected...`); # input placeholder 

seasonaly := 3*monthly; 

print(`output redirected...`); # input placeholder 

print(??); # input placeholder 

  

  

  

rho[piston] := 12250; rho[water] := 1000; g := 9.81; mu := .57; 

print(`output redirected...`); # input placeholder 

d := 20; h := 50; households := 10000; 

print(`output redirected...`); # input placeholder 

  

hzz := evalf(17800000000/(((rho[piston]-rho[water])*(1/4))*Pi*Dmz^2*d*g*mu)+d); 

print(`output redirected...`); # input placeholder 

  

  

Dm := evalf(sqrt(daily*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

  

Dm := evalf(sqrt(weekly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

Dm := evalf(sqrt(monthly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

  

Dm := evalf(sqrt(seasonaly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 

  

  

Dm := evalf(sqrt(yearly*households/(((rho[piston]-rho[water])*(1/4))*Pi*h*d*g*mu*(1-d/h)))); 

print(`output redirected...`); # input placeholder 
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